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ABSTRACT
Electromagnetic probing of a planetary ionosphere and atmos-
phere from an orbiting pair is a method capable of providing
unambiguous determination of three-dimensional ionospheric and
atmospheric density profiles.
Refractivity, transmission absorp^ion spectroscopy and radio-
metric measurements at suitable wavelengths, with the instrumenta-
tion acc^r7^modated in a dual-spacecraft configuration, provide a
convenient experimental approach.
Two Voyagers or equivalent spacecraft, orbiting the planet
Mars at the same time, offer a suitable platform for conducting
a comprehensive survey, encompassing spacecraft-to-spacecraft
and spacecraft-to-sun occultation measurements, complemented by
radiometric probings.
The method is potentially a tool of general use far planetary
research.
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1 , SUMMARY OF THE PROBING METHOD
The method's objectives arc' the unambiguous three-dimensional
mapping of the Martian atmosphere and ionosphere using two orbiters
to perform remote electromagnetic probing.
TI..: two orbiters are terminals of a two-frequency probing link
capable of providing integrated columnar measurements of the
dispersive and nondispersive refractive properties of the medium
under investigation. If a slight velocity differential exists
between the two terminals, the line of sight along which columnar
measurements are performed, changes its position with respect to
the planet, penetrating the plare^:'s ionosphere and atmosphere
from orbital heights down to surface levels as , occultation even-
tually occurs.
ny processing the columnar measurements belonging to the same
set, i.e., those measurements normal to a planetary radial line
at various distances from the surface, radial refractivity pro-
files can be reconstructed. Ti^ese profiles lead directly to
ionospheric three- dimensional maps (electron content vs, height,
longitude, latitude) and to atmospheric three-dimensional
refractivity profiles.
The averaging features of the columnar probing impose limits
on the steepness of the detectable horizontal gradients. However,
for a planet in whicYi the height extension of the neutral and
ionized atmosphere is a small fraction of the planet's radius
(approx. 1 to 10), horizontal gradients of realistic steepness
can be mapped accurately.
Althought refractivity measurements
ionospheric aspects are the k;asis of the
of the atmospheric refractivity profiles
density, pressure, and temperature requi
experiment of spectroscopic and radiomet
in their atmospheric and
method the interpretation
in terms of atmospheric
res the addition tc the
ric features.
Transmission absorption spectroscopy measurements in the UV
and IR bands, using the Sun as a source, are therefore included
as part of tl^e experiment. They constitute a complement to the
1-1
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refractivity measurements, having the line of sight from the
Sun to one or both orbiters descending through the planet's
atmosphere frcm orbital }leights down to surface levels (occultation)
i^ermits the construction of profiles of the constituents (primary
data provided by these measurements) as well as the temperature
anti pressure profiles (secondary data) . Here again columnar data
can be transformed into radial profiles by the same processing
applied to tl^e refractivity data.
By knowing the constituents, t}ie scale height of the refract-
ivity profile can Ue interpreted in terms of temperature vs.
height ( under assumption of an exponential atmosphere ) and the
refractivity itself in terms of pressure vs. height.
The addition ^f IR radiometric instrumentation permits the
mapping of the surface temperature, thus providing a useful
comparison point for the temperature of the lower atmosphere. In
addition the same instrumentation provides another source of
temperature profiling of the atmosphere.
1-2
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2. EXPERIMENT OBJECTI\D ES AND MAJOR REQUIREMENTS
A dual Voyager orbiter or equivalent spacecraft configuration
^u:^stitutes a suitable platform for the conduct of the mother/
daug}iter experiment.
Some of the basic requirements for t}ie performance of the
major experimental tasks are easily met by essentially any pair
configuration considered by NASA's mission planners. For instance,
the UV and IR transmission absorption spectrometer must be aimed
constantly along the line between the Sun and the spacecraft, and
this direction usually is already one of the spacecraft stabili-
zation axes; the IR radiometer must aim at the surface of the
planet, and usually an optical axis, (TV camera, etc.) already
points in this direction.
Other rec}uirements are not met }^y provisionally defined Mars
dual-orbiter configurations. however, in this case it appears
feasible to change certain of these configurations in order to
better fit the experiment. eor instance, in the case of a cival-
Voyager scheme, the two orbital planes cou^d he chosen as coinci-
dent, and passing through the radial axis of the diurnal bulge
expected to exist in the Martian atmosphere an^i characterized by
a longi`_udinal lag of approximately 30° with resp^_ct to the sub-
solar point. The relative velocity between Voyagers could be
chosen in the 10 m/sec range. This mission configuration would
provide the coverage of practically all the resolution cells
(300 km x 300 km x 1 km at the surface) along a complete great
circle in a plane containing the axis of the atmospheric bulge.
Even if a vital spacecraft function would cease at this point,
the data collected would be sufficient to describe fully the
planet's atmosphere and ionosphere, assuming cylindrical symmetry
around the bulge axis.
The remaining life span could k,e utilized to cover different
portions of the Martian atmosphere, because of the motion of the
nodal line due to the planet's oblateness. Ttle impact of the
cylindrical symmetry assumption could be therefore progressively
eliminated and second order features of the planet's atmosphere
t	 and ionosphere adequately covered.
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In order to obtain transmission absorption spectroscopy
measurements using the Sun as a source, it is necessary to
achieve periodic orbiter-to-Sun occultations. With some Voyager
orbits, occultation occur too infrequently and alterations of
these orbits would be required to provide at least one Sun
occultation every week (3 occultations in the first 20 days of
orbital life). Only short-period occultation are necessary.
With other orbits t}iat are also achievable, occultation could
occur more frequently, up to orbital rates. Even with this
recommendation, Voyager-Sun occultations would provide only sample
measurem^•nts, sep,ar^ted in time.
This may be overcome, however; and continuous, although less
accurate, monitoring ^^f the planet atmosphere's temperature and
pressure profiles may be accomplished using multicolor radiometric
measurements of the atmospheric emission in t}^e optically dense
15.
 X02 band. Transmission absorption spectroscopy using the
Sun as a source provides certainly superior accuracy and the few
absorption observations during the mission lifetime would be
vital in determining the corrections for the data gathered by the
continuous-duty multi-color radiometer. A contin^zous-duty multi-
color radiometer would also provide the mapping of the planet's
surface temperature, and the enslaving of its field of view to
the one of the Tv cameras would permit correlation of surface
features and isothermal line patterns.
In conclusion, a Voyager-to-Voyager or a configuration involving
an equivalent spacecraft pair provide desirable alternatives
among several schemes considered for a mother/daughter experiment.
For the ^^oyager case, a possible requirement that both Voyagers
be fully interchangeable would be easily complied with by in-
stalling mother and daughter equipment in both. Each Voyager can
act as mother or daughter, achieving full reciprocity and redun-
dancy with only minor increase in complexity.
An alternate configuration has been investigated during the
study here reported, since a mother/ daughter refractivity ex-
periment could not be performed if only one Voyac,er (or equivalent
spacecraft) achieved orbit. E`^ subsatellite installed in each
spacecraft would increase the reliability of operation tj:rougli
further redundancy and would provide an experiment capability even
*	 if a single spacecraft mission would eventually be implemented.
^,	 Various configurations leave been briefly studied, the results of
which are incorporated in Appendix B to this report. Since
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cthis configuration is obviously more complex anc^ expensive, it
}Zas been selected as second choice alternative. The satellite needs
carry only the daughter portion of t}le refractivity experiment and
provisions for Earth communica*_ion, in order to determine position
and range rate with respect to the mother terminal. The sub-
satellite described in the appendix E3 is a coplanar vehicle, spin
stabilized, with the spin axis normal to the plane of the ecliptic
after being separated from the main spacecraft at approximately
10 meters/second.	 '
3.	 BACKGROUND AND JUSTIFICATION FOR THE
CONDUCT OF THE EXPERIMENT
IIefore the space age, occultation methods for the study of
planetary atmospheres and ionospheres were limited to earth-based
observations of the absorption and refraction effects imposed by
these media upon the electromagnetic radiation from a star
chosen for the experiment (Figure3-1).
T}ic.^ difficulties and pitfalls of the method were such t}iat
very few successful occultation observations wore made, and even
in these cases the interpretation of the data remains question-
able. We recall the occ^^ltation experiment of T Arietis ry
.7upiter (Ref. 1) , of t^1e Crab Nebula by the Moon (Ref. 2) , of
Regulus by Venus (Ref. 3).
The problems resulting from these experiments, and which
will be referred to hereafter, were the following:
1. poor signal-to-noise ratio
2. rarity of usable occultations
3. ratio of the scale height of the planet's
atmosphere to the planet/Earth distance too small
4, probing confined to the upper layer of the
atmosphere under investigation
5. decrease in measurement accuracy due to the
effects of the Earth's own atmosphere and ionosphere
6. limitation of the probing to only two regions
of the plant's atmosphere
7, nonrepetitive measurements
g . sensitivity to sudden change in the refractive
and absorptive characteristics of the interplanetary medium.
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PLANET
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^^
^`	 Figure 3-1 Occultation Scheme Used IIefore Space Age
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T}^e develo}^ment of spaoc technology made possible significant
improvements of the gchcme that have removed many of its limit-
ations (R^f. 4).
Even in the case of a single space platform, two new concepts
emerge. One concept involves a controllable rbd:ator installed
in the space platform that eit}^^r orbits or flies by a planet
using a detector installed un t}^e Earth's surface. T}ie Mariner
IV radio occultation experiment (Ref. 5) is the pioneering
experiment using the concept wherein the space vehicle flaw past
a taz• get planet. Figure 3-2a depicts this configuration. This
conc^^Y^t eliminated all the problems previously discussed with
the traditional occultation experiments except Problems 5, 6 and
:'. If t}ie space vehicle had been an orbiter, Problem 7 a^so
would have been eliminated. An example of this configuration, but
with the Sun in place of the planet, is t}le MIT SunY3 lazer exper-
iment, which probes the solar atmosphere (Ref. E^).
Figure 3-2b shows the second concept that uses a star or the
stun as the radiator of clectromac^netic energy while the detector
is installed in an orbiting or flyby spacecraft. This concept ha
has already been used in the following satellite missions:
a) NRL-19h4-01 -D and NRL-1965-16- D satellite, which
measured the: density of the Earth's upper atmosphere from tlic
attenuation of the solar X-rays (44 to 60, H to 14, 8 to 12 A)
taking place along the line of sight between the satellite and
the sun, while this line was descending through the Eart}^'s upper
atmosphere at the occultation entry and exit (Ref. 7).
b) OSO III Satellite, W^11C}1 measured in March 1967 the
upper atrr:,spheric density of the earth from the attenuation of the
630 ^ and 430 ^ Sun radiation while again the line of sight, Sun-
to-Satellite, was cutting t7lrough the earth's atmosphere (Ref. 8) .
c) OSO IV Satellite, which is performin^^ at present UV
measurements of the Sun radiation and which is scheduled to per-
form occultation measurements when the correct geometrical re-
lationships will take place (Ref. 9)
The concept of Figure 3-2b eliminated all the problems of the
traditional experiments except those identified as ^, and 7. If
an orbiter is used, Problem 7 vanishes.
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^,	 Figure 3-2 Occultation Concepts Usable witYi Flyby or
;jingle Orbiter Configurations.
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^. a two space platforms are availat^le, it is possible to
replay:.: the natural noncohE^rent electromagnetic source with a known
coherent trbn5mitter and, at the same :'imc, substitute the Earth-
bound detector with a receiver also placed in the vicinity of the
planet under study (Fiqure 3-3).
The dual flyby scheme (Ref.11) belongs to this category
(Figure 3-3a). T}Zis configuration provides significant advantages.
lowever, Problems 6 and 7 of the traditional experiment still
remain unsolved, since only two regions of the planet's atmos-
phere arc probed and the measurements arc not repetitive.
These limitations arc eliminated if both space platforms
orbit the planet as shown in Figure 3-3b. Thus, t}^e dual-orbiter
configuration appears to be the first choice for occultation
experiments to probe the atmospheres and ionospheres of the
planets.
Recognizing these merits, the Raytheon Company initiated an
in-house research effort in 19F^5 (Ref.11). Addit..ional research
activity was devoted to the possibility of identifying constituents
such as water vapor usury an active mother/daughter millimetric
wave absorption spectroscopy link (Ref. 12). These activities
confirmed the potential use of t}le mother/daughter occultation
scheme in planetary research and defined problem areas requiring
further efforts.
The limitations of occultation methods other t}ian the mother/
daughter scheme were studied in dc:;^il and the ambiguity of
^in^^lc-frequency probings was pointed out, particularly in
reference to past experiments Such as the Mariner IV (Ref. 13).
The analysis showea }pow larc3e errors can be incurred w}ien inferring
atmospl^^eric pressures from single-frequency total refractivity
measurements along paths involving bot}i neutral and ionized
atmospheres.
Finally, the feasibility and practicality of the or^^ting
,uir sch^^mc for use in atmc,spheric and ion^spher:.c probing of
f^1ars was investigated under t-he contract hero rep:,rted. From
the results obtained, both the practicality and feasibility of
t}^ y^  method for the probing of the Martian atmosphere and iono-
spherc: appear ascertained.
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4. TECHNICAL APPROACH
-.. 1	 !	 'Ek l:^li.:^'i' L^.^^EPT ^^^U MISS ION
4 . 1 . 1 TIII? F3AS IC EXPERIMENT
Refractivity, spectroscopy and radiometry data constitLite a
slightly redundant set of measurements in providing an unambigu-
ous description of the neutral and ionized atmosphere of a
pl^^net .
Their interrelationship is depicted in Figure 4 - 1.
T}^e dispersive component of the refractivity profile is ob-
tained by a dual-frequency method, and yields the ionospheric
-lectron density directly for a planet like Mars.
The nondispersive components of overall refractivity measure-
ments made in planetary atmospheres require that the refractivity
measurements he considered in context with other measured data
to yield pressure, temperature, and density profiles.
The addition of. measurements defining atmospheric const^-
tuents' profiles obtained by transmission absorption spectroscopy
allows the derivation of pressures from t}Ze refractivity mea-
surements, under the assumption of an expotential atmosphere.
The so le height of the refractivity curve yields in fact the
temperature when the mean molecular weight is known through the
absorption spectroscopy measurements. Pressure remains, there-
fore, the sole unknown in the refractivity formula. Ilowever, the
occurrence of Sun-to-Voyager occultations necessary for the ab-
sorption spectroscopy are rare events for certain Voyager orbital
orientation, and multicolor radior:letric measurements can be used
t^ yield the surface temperature, and a low-accuracy hlit con-
tinuous probing of the atmospheric temperature an^i pressure.
when Sun occultations take place, the radiometric mt.+surements
can he calibrated with the high-accuracy transmission absorption
spectroscopy data.
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When combined with the refractivity measurements, all these
data, owing to their redundancy, allow the evaluation of weighted
error averages and, ultimately, the achievement of a better over-
all measurement ace-uracy.
4.1.2 SECONDARY EXPF:RIMENTS
T}^e availability of the instrumentation for the basic experi-
ment provides an opportunity to carry on additional measurements
on on a noninterference basis, both during the flight of the two
spacecraft t.o Mars and during their orbiting around the planet.
While the two spacecraft move from the Earth orbit to the
Mars orbit, the availability of a two-frequency probing link be-
tween them gives the opportunity of attempting the measurement of
perturbations in the columnar electron densities in the inter-
planetary medium, while the links with the Earth allows the same
measurement from each s pacecraft to Earth (Ref. 14).
W11en the t^ao spacecraft are in orbit around the planet, two
secondary experiments are feasible: the measurement of the har-
monics in the planet's gravitational field and the observations
of aerosol particles in the plant's atmosphere.
E^nother possibility is to perform radio occultation measure-
ments of the solar atmosphere by the radio link spacecraft-to-
Earth in situations of planet conjunction.
4.2 ORBITAL REQUIREMENTS
The orbits that are currently postulated for the 1973 Voyager-
Mars mission are satisfactory for the conduct of a refractivity
experiment. If Voyager will be replaced in the NASA plans by an
equivalent spacecraft, the orbit's choice is likely to be such
that t}1e following requirements are met. The two spacecraft or-
bits s}could be coplanar with approximately coincident lines-^f-
apsides. This common oroital plane should be oriented tc^ contain
the axis-of-symmetry of the Martian atmospheric b^,lge. The two
orbits must differ in energy by an amount that would allow space-
craft separation at a rate providir.y one 360 degree cycle of rel-
ative rotation. in a time period of 20 days or less. No specific
initial relative positioning ir. i:}le orbits is required. A dis-
cussion of the experiment coverage attainable using a pair of ,
orbiters t}^^ meet these requirements is contained in Section 4.3.2.
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Some currently postulated Voyager orbits are not optimal with
respect to the obtainment of transmission absorption spectroscopy
data during Sun occult^^tions. The experiment requires an orbital
inclination such t}lat short-period Sun occultations occur at least
once a week and more often if possible.
T}^e r.elative doppler data between the two spacecraft, in ad-
dition to satisfying the basic Experiment requ:^remer;t.s, can be
used to enhance the orbit determination process using stereo dop-
pler techniques. A by-product of this orbit determination enhance-
ment might be an increase in the accuracy of determining the
Martian gravitational coefficients. This would require the devel-
opment of an orbit determination program that utilizes the space-
craft-to-spacecraft doppler as one of the observation parameters.
A preliminary program of this type }1as been developed already by
JPL (Ref . 15) .
4.3 REFRACTIVITY EXPERIMENT
4,3.1 GENERAL EXPERIMENT DESCRIPTION
A phase-coherent dual-frequency probing link established be-
tween the two orbiting t^erminais is affected by ^^ doppler shift:
characterized by t}^e following components:
(a) A geometric compon^.^nt duc^ to the relative motion
(range rate) of thc^ two link terminals. This component ace}uireG
a value at each one of the probing frequencies proportional_ to
the frequency itsel f ( ".f 1/ ' f 2
 = f 1/f2)	 ^nitzen the radio path be-
tween t}ze mother and daugY►ter terminals is entirely in free space,
this component represents the total doppler shift, and its i;ieasure-
ment, when suitably processed, provides an effective tool for t}ie
determination of the motion of the two orbiting spacecraft.
(}^) A dispersive component due to ray propagation in the
ionosphere, for W}11C h f' 1/ f' 2 ^ f l/fz . The method was origin-
ated by Carl Seddon (Ref. 16).
(c) A nondispersive component due to ray propagation in
the pl^-^net' s atmosphere. ^,or this component,	 f" 1/ .f" ^ = f 1/f2 ;
it is indistinquishable, therefore, from true range-rate doppler,
unless the latter rate is independently determined.
The two quantities that are basic to the refractivity measure-
ments are the dispersive and nondispersive doppler components;
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they can be obtained by removing the rz^nye -rate
 
doppler contribu-
tions from the total doppl^r. Therefore, range rate must `^e knoarn
with an accuracy of a small fraction of a crt^/sec to keep the error
in refractivity measurements down to a few percent.
When geometric dopplers are extracted and the doppler residu-
als obtained, the columnar refractivity measurements can be de-
rived and converted to desired radial profiles. The conversion
can be performed using the classical Abel transform see Ref. 11)
nr by the application of model matching methods (Ref. 17).
The columnar measurements are integral measurements and will
not resolve horizontal gradients in the planet's atmosphere and
ionosphere when these gradients are too sharp. Fortunately for
Mars, at ground surface, the requirement for low gradient neces-
sitates essentially uniform densities over a pl^^net-centered angle
of a few degrees and this is adequate t^ rPSOl 3e the expected day-
side/nig}zt-side gradients, that are significant over 10's of degrees.
4 . 3 . 2 OR13 TTAL MEC } iAN IC S ANALYS I S
4.3.2.1 General
The selection of orbital parameters for the two spacecraft re-
quires consideration of the various mission constraints. A two-
Voyager configuration is the basic alternative submitted to anal-
ysis in this section. ;Mission constraints can be grouped into
trajectory constraints, which arise due to the characteristics of
the interplanetary transfer trajectory; engineering constraints
which are necessary for the efficient operation of tl^e spacecraft
systems and involve such items as avoiding Sun and star occulta-
tions; ^^nd scier'^tific constrain*.s imposed by the design of the
scientific experiments.
The scope of the investigation of tl^e orbital requirements for
the refractivity experiment was reduced by disregarding the scien-
tific constraints imposed by other experiments and, also, by dis-
regarding the engineering constraints except for the approximate
size of the Voyager orbits as they are presently k.zown. For the
assumed Voyager orbital size, the experiment coverage w.^s assessed,
apd desirable orbital. orientations were investigated. The result
are presented here for the refractivity experiment as well as far
the spectroscopic and radiometric experiments, in the form of or-
^^	 bital requirements. These requirements can be used by NASA mission
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planners in conjunction with the other mission and experimental
constraints and requirements, in order to design the final Voyager
orbits, ^r the orbits of an equivalent spacecraft, if the Voyager
program will not be e:tiecuted.
4.3.2.2 Orbital Requirements for the Refractivity 1
 Spectroscopic
and Radiometric Experiment
Successful refractive probing of the neutral and ionized at-
mosphere of M^3rs requires that the path offset point as defined in
Figure 4-2 pass through enough resolution cells to define the
medium completely. For our purposes, a resolution cell is defined
as 300 km in latitude, 300 km in longitude, and 1 }un in height.
PATH OFFSET POINT
^OrAGE R II
^. ^.'r
SIGNIFICANT PORTION
	 ^'^
OF THE MARTIAN
	 ---^^' '
ATMOSPHERE
	 /
Q =THE RIGHT A;CENSION OF
THc PATH OFFSET
P=THE LENGTH OF THE PATH OFFSET
Figure 4-2 Geometry of the Probing Link
In an ideal experiment, the path offset point would move in a
short period of time radially from the surface to the maximum de-
sired probing altitude (1000 km) , mo^^e then to ^^n adjac^^r^t column
of cells and repeat.
Under the actual conditions of t}iis refractivity experiment,
^^	 the probing link is established using two Voyager spacecraft as
terminals and therefore the motion of the path offset is governed
by thc^ assumed orbit.
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In order to investigate the coverage using realistic .uyager
orbits, the fallowing assumptions were made: The two Voyager or-
bits have the same orientation (inclination and argument of peri-
apsis) and the same periapsis height, but differ slightly in the
length of their semimajor axes. The latter c•^usc^s a difference in
mean motion resulting in relative motion between the two space-
craft.
Since ^.he two Voyager spacecraft are in coplanar orbits, t}ie
offset point also moves in tine orbital plane, which raises the fol-
lowing question: Can the t}^ree-dimensional characteristics of the
Martian neutral and ionized atmosphere be defined w}ien the path
offset point moves in a plane? T}^e answer to this question is
affirmative, provided that the Martian atmosphere is first rota-
tionally symmetric during the time period required to take data;
second, that the axis of atmospheric symmetry lies in the plane
of the Voyager orbiters; and third, that the oblateness perturba-
tions causing rotation of the major axis a^^d nodal line are small
during the time required to t^^ke data.
The atmosphere of Mars is assumed to have a solar bulge much
the same as t}^e Earth, fixed relative to the Mars-Sun line and
whosE^ maximum lags the subsolar point in longitude by a small angle
(approximately 30 degrees, as in the case of t}^e Earth) .
The refractivity experiment requires that the voyager orbiters
be coplanar and that their common orbital plane pass through ^^
point approximately 30 degrees in longitude away from the subsolar
point in the direction of planet rotation. T1^is does not appear
to be a serious experimental constraint as a family of orbits o1
varying inclination exist satisfying this requirement t11at hope-
fully will also satisfy the other Voyager engineering and exper^-
mental requirements.
The oblateness of Mars will cause rotations of the orbital
line-of-apsides and line-of-nodes. For an orbit with a 1000
kilometer periapsis height and a 20,000 kilometer apo^^psis lieiyht
at an inclination (i) these perturbations amount to:
Line -of-Apsides
dt = 0.2 (1-5 cos^i) , deg/dayl
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Line-of-Nodes
d--^ _ - 0.4 cos i , deg/daydt
Rotation of the line -of-^^psides has no significant effect on the
refractivity experiment coverage since it corresponds to a rota-
tion of the orbital major axis in the orbital plane. However,
rotation of the line-of-nodes causes the orbital plane to shift
away from the principal axis of the atmosphere's bulge, unless
the orbit is at the particular inclination at which the nodal per-
turbation just equals the rotation of t}^c bulge axis in inertial
space due to Martian motion about the Sun. Sincc.^ the latter is
unlixely, we can assume that the orbital plan: will gradually
shift away from the atmosphere's axis of synunetry. For the assumed
orbit, the maximum rate of this shift is approximately 0.9 degree/day
in longitude (0.4 degree due to oblateness and 0.5 degree due to
planet motion about the Sun) and over the time required to complete
one cycle of coverage (^^pproximately 20 days) the relative motion
in longitude will be 18 degrees. Since the ^,nylc between the
bulge axis and t}^e orbital plane changes by a fraction of this
amount, th y_ ^^ssumption that d^^ta be taken in a fixed plane passing
through the bulge axis is almost satisfied.
The advantac_re of having nodal motion is that subsequent cycles
of coverage are all taken wit}i respect to different slices through
the atmospheric bulge. This enables the complete three-dimensional
characteristics of t}^e atmos phere to be determined in time.
Another desirable, although not completely necessary orbital
requirement is that the orbital plane be perpendicular to the day-
niyht transition line (terminator). }iowever, this latter con-
straint would completely fix the orbital orientation, since it r^e-
quires t}^e orbital plane to contain both t}le Mars-Sun line and the
Mars--bulge line, and should be considered only if it does not
conflict with other requirements.
The size of the Voyager orbit assumed for investigating the
refractivity experiment coverage has a perYapsis height of 1000 '^:.^
and an apoapsis height of 20,000 km. This orbit wa y
 investigated
a^ it represents the largest Voyager orbit size postulated, re-
sulting in the greatest orbital period, and, therefore, the most
pessimistic orbit from the standpoint of minimizing the coverage
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time. If adequate coverage-time characteristics are attainable
with this orbital size, they should be improvzd ^^th a reduction
in apoapsis height.
In Figure 4-2 the Voyager orbits were assumed to be equatorial;
this enables the offset point to be located in inertial space by
its right ascension, (^), and length from the Martian center (^).
To obtain relative motion between the two Voyager spacecraft,
they were assumed to be coplanar with slightly different semimajor
axis and, for computational purposes, the same periapsis height.
The major axis difference was computed on the b^^sis of having a
differential mean motion between the two Voyagers resulting in onP
360 degree cyc1P of relative rotation in approximately 21 days.
This requires a major axis differential between the two spacecraft
of approximately 2^0 km. 111though a major axis difference greater
than this is acceptable, t}^e difference cited is consistent with
a reasonable coverage time.
The coverage history obtained using the above orbits (consid-
ering separation to begin from periapsis) is show y its Figure 4-3.
It requires a few days before the two spacecraft separate enough
for the coverage pattern to become systematic. lifter this initial
time interval, the offset point makes the excursions shown begin-
ning in the lower left-hand corner of the figure at 2.28 days from
separation. The offset point, following the contour of the orbit,
continues up to apoapsis heights and then decays to zero at 2.8
days at which time it briefly reappears on the opposite side of
the planet; the first of which is indicated by a tithe m ,3rk at
1.48 days. This pattern continues with tt;e upper curves shifting
downwards and the lower curves shifting upwards until after
approximately tet^ days the two coverage patterns merge (not shown
for clarity) at which time one-^^alf of the coverage cycle is com-
plete. This condition corresponds to having one spacecraft at
periapsis while the scconcl is at apoapsis of its orbit. Subse-
quently (from 10 to 21 days) the lower and upper curves intersperse
providing additior,..l c^veraye continuing until a full cycle is
completed in approximately 21 days.
As shown, the offset point moves almost vertically through the
altitude band of interest (h = 0 to 1000 kilometers) four times per
orbit, The resolution cell width is approximately five degrees,
and therefore more than adequate de^isity of coverage is provided
over much ^f the field. Those portions not adequately covered are
partially accounted for by the symmetrical characteristics of the
atmosphere.
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The behaviour of the path lenqth and the path offset length aie
shown as a function of time in Figures 4-4 and 4-5 respective-
ly. For the oYijit investigated, the path offset moves very rapidly
through the altitude band of interest moving at a rate approaching
2 kilometers/second. An obvious disadvantage of the postulated
Voyager orbit size and shape, apparent from Figure 4-5, is the
large apoapsis height which results in considerable wasted time
between subsequent passes through the coverage zone.
The results of this study suggest the following orbital require-
ments for the refractivity experiment.
Orbital Size (1) A 1000 kilometer per iap3i s height by 20,000
kilometer apoapsis height is acceptable,
although 1000 by 10,000 would reduce coverage
time.
!2) The two Voyager orbits should have slightly
different major axis in order to provide
relative motion.
Orbital
	
(1) The two Voyager orbits should have approxi-
Orientation	 mately the same inclination, and argument
of periapsis
(2) The orbital planes should initially pass
through Lhe Martian atmosphere's axis of
symmetry.
The orbital requirements for the radiometric and spectroscopic
experiments are easily delineated.
For the spectroscopic experiment, the only requirement is that
occultations of the Sun by Mars occur at least 5-10 times during the
experiment's lifetime. For the radiometric experiment, no special
requirement must be imposed, in the final approach adopted by the
investigators of this experiment in the course of the study here
reported.
4.3.3 SIMULATED MISSION INVESTIGATIONS
In order to gain a better understanding of the refractive por-
tion of the electromagnetic probing experiment necessary for a
more accurate experiment design, the Martian atmosphere and iono-
sphere were simulated and the transmission through them was
analyzed by means of a double precision ray tracing program, whic11^
1
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includes the effect of electron density of the ionosphere, and the
effects of pressure and temperature of the atmosphere.
Models of the Martian temperature and pressure profiles were
.constructed by mathematical curve fits to the mean models published
by NASA (Ref. 18) . The equations are given below and the accuracy
of the fits can be seen in Figures 4-6 and 4-7.
For the Mars Pressure profile, we adopted the following fit:
Y = exp i 
1 
h + 1  + a 3 sin I Tr	 h	 mb
100
I i^'	 1' t 1 + 
1—	 c o s ^— }l
where
t 1 = -. 109064
aL = L. 07946
a 3 = 0.575645
h = height above surface of Mars, km
For the Mars temperature profile, the fit was as follows:
For
0<h<40km
I'	 = b  (h + b 1 ) L + b 3 ,
 
OK
=	 Lb L (h + 1.) 1 )
where
1,1 = -40
b 	 = 0. 061 L 5
b 3 = 132
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For h ^, 40 km
T = 132 0 K
6T
d h = 0
The Mars electron density model was taken
(Ref. 19) except that the D-layer was removed,
with a Chapman double exponential profile.
N = N
max 
exp	 1 + w - exp (w) /2
where	 h	 -h
_ max _W
	
11
T
from the literature
This curve was fit
and h is the height above the planet surface, Nmax is the density
of the F 2 -layer, and tlmax i7, the height at which Nmax occurs.
Nnax and hmax are made to vary with latitude and longitude to
model horizontal gradients.
Models were taken to be spherically syi-iunetric for initial in-
vestigations and then perturbed in a systematic fashion to evalu-
ate the effects of sharp horizontal gradients on the inversion
techniques developed.
For the mean model of the Martian atmosphere, the composition
was assumed to be 75% CO2 and 25% N2.
4.3.3.1 Frequency Selection for the Refractivity Experiment
Using the simulated atmosphere and ionosphere, we were able
to select the frequencies of transmission according to the follow-
ing criteria.
(1) The two frequencies must be such that each of the
two radio paths passing between the two spacecraft
must have their point of minimum altitude in the
same 1 k,-n x 300 km x 300 l:m resc,lution cell.
(2) At least one of the frequencies should be high enough
so that the effects of the atmosphere play a dominant
role.
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4-16
200
Igo
160
140
120
100
Y
H
2
0
W
= 80
60
40
20
0
—10 -8	 —6	 —4	 —2	 0	 2	 4
LOG 10 P (Pon cob)
r
Figure 4-7 Pressure of Martian Atmosphere (Mean Model)
4-17
t
(3) The frequencies must be separated widely enough to
provide the wanted accuracy when separating disper-
sive and nondispersive refractivity.
Rays were traced at frequencies of 50, 100, 200, 400, 600,
800, 1000, and 2000 MHz. For each frequency three rays were traced
with miss distance 0, 75, 150 km from the planet surface (ray
traveling on a straight line). To satisfy condition (1) the height
of the minimum points of the rays must not vary from the intended
minimum by more than 0.5 km.
Phase delay data at the 0 km miss distance must be of the same
order of magnitude and opposite in sign to the maximum delay caused
by the F-layer to satisfy condition (2). Condition (3) was tested
by taking values of refractivity along the rays of one frequency
and comparing them to values at the same altitude for another fre-
quency. having two values of refractivity at a given height and
two different frequencies, we can separate the dispersive from the
nondispersive refractivity. Since we know the refractivity at a
given height from our atmospheric and ionospheric models, we can
evaluate the error in separating the elements. For frequencies
which satisfy conditions (1) and (2) we then select the pair which
rives the minimum error in condition (3).
By condition (1) frequencies must be greater than 100 MHz.
The highest frequency was chosen to be 2000 Miiz in order to satisfy
condition (2) . For condition (3) , 400, 600, and 800 Mliz gave
similar errors. For simulation purposes we have selected 600 Mliz
but the choice of the second frequenc,' , can vary between 400 and
800 MHz depending on system requirements.
4.3.3.2 Positioning Accuracy Requirements
In order to ensure that the radio path passes through a given
cell, we must know the position of each spacecraft within a given
tolerance. The problem was in staying inside the 1 km height of
the resolution cell. The following approach was used.
For a particular minimum point in the ray pat.i, rays were traced
from points along the perimeter of a 0.5 km circle about the mini-
mum point. All rays were assumed to be traveling h^.rizuntally at
these points (see Figure 4-8).
FrW
	
	
The locations found to be critical in keeping the point deter-
mined in a 1 km x 300 km x 300 km box were the points 1 and 2 above
and below the actual minimum.
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Figure 4-8 Positional Error
It was found that to ensure that the midway position would be
within a circle of radius 0.5 km, we need to know the satellite
position to within 0.5 km.
4.3.3.3 Range Rate Accuracy
To determine the allowable error in range rate determination,
600 and 2000 Mfiz rays were traced through a model ionosphere
yielding two profiles of height versus phase delay (cycles). This
data was converted by an Abel transform program (see Subsection
5.1) to refractivity versus height. These refractivity profiles
were then used to examine the deviation in refractivit y when the
phase delay was perturbed by additive random errors with a Gaus-
sian distribution of zero mean and various standard deviations.
The perturbed phase delay was then converted to refractivity by
Abel transform and the perturbed refractivity was examined. An
example is given below (Table 4-1) for f = 600 Mli.^ with the error
standard deviation of 0.005 cycles. For this case we ran see that
the error which is given in percentage is less than 2 percent ex-
cept where the refractivity is small. The difference between the
perturbed and original refractivity has an unbiased mean of
-1.80 x 10- 5 and a standard 6eviation of 0.008 N-units.
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TABLE 4-1
Refractivity Errors Versur Phase Delay Perturbations
(F = 600 M11r., Max. Err. = 0.005 cycles)
Perturbed
Height Refractivity
(km)	 (N units)
L. 42517
1.64941
0. 768318
0.339986
0. 167851
0. 130968
8. 7616 3	 F: - -,
0. 164949
^). 408443
-1. 10911
-7. 00521
-9. 8666
-11.2007
-1 1. 1251
-10. 1 36 7
-7. 35352
-4. 92716
-3. 2042.6
-1.. 03337
-1.1.1845
-0. 472.181
-0. 159433
J
Original
Refractivity
(N units)
L. 4357
1. 61.92
0. 77186
0. 3454
i ► , 15683
0. 13566
0. 09194
0. 1654
0. 41()6
-1. 114
-7. 0052
-9. 8655
- 11. 2013
-11. 1374
-10. 1227
-7. 352.1
-4. 91.93
- 3. 1955
-1.. 0359
- 1. L 142
47438
-0. 1646 3
Difference
(N units)
0. 010533
-1.. 01.058 E -1.
3. 54LL 7 E - 3
S. 51381 E-3
-	 1. 101. 11. E-3
4. 69169 E - 3
4. 32375 E-3
4. 50957 E-4
,'.. 15708 F-3
-4.89346 E-3
1, 2 1966 E-5
1. 1045 ► E-3
-6. Q. 747 E-4
-	 1. 1.3354 E-2.
1.40057 E-2
1. 424 36 E- 3
-2. 1 36 5 q E-3
H. 75658 E-3
-2. 52644 E-3
4.24659 E-3
- 2.. 19937 ::- 3
-5. 19718 E-3
0
Relative
Error
0.43L444
-1.2.4023
0. 4s89,!6
j. ;c)636
- 7. 01. 751
3. 45842
4. 702 79
0. L 72647
0.5Z5348
0.439Z69
-1. 74108 E
- 1 .	 1 19 5 6 E
5, 73814 1',
0. 110757
-0. 138359
-1.93735 E
4.33447 F.
-0.274029 
-0. 124095
-0.349744 
0.463631
3. 15688
5, 789CO E 76
e
5
1 i1
1
30
40
50
70
80
90
100
110
115
120
125
130
140
150
160
170
180
1.00
225
250
-4
V
-3
-L
-L
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In order to meet the criterion of 5 percent accuracy in re-
tLactivity measurements, it was found that the errors in the phase
delay must have a standard deviation of less than 0.01 cycles for
f = 2000 M11z and less than 0.005 cycles for f = 600 MHz. The rea-
son for higher requirements on 600 M11z is that the effects of the
atmosphere are smaller, relatively speaking, at this frequency
than the ionospheric ones and can be obscured by the errors affect-
ing these last.
This translates to the requirement that the rms "noise" in the
doppler residuals be smaller than 0.018 tiz at 2000 M11z and 0.009
Hz at 600 MHz, assuming an integration time of 112 sec, which is
compatible with thc established resolution cell structure and
terminals' orbits.
Consequently, the affordable errors in overall doppler measure-
ments and in range rate measurement must each be within 1/ f2 of the
above quantities.
4.3.3.4 Recovery Inaccuracies when Dispersive Nondispersive
Effects are Separated
Once we have found the refractivity profiles for two frequen-
cies, we must separate them into dispersive and nondispersive com-
ponents. This is done in the following manner. The quantities
we begin with are:
Combined refractivity aL f = t i : N 1
 (f i ) _ (µ 1 - 1) x 106
Combined refractivity at f = t L : N  (fL ) _ (µ L - 1) x 100
We wish to find N c and NA where
N  = Electron Density in electrons/cc. , and
N A = Atmosphere refractivity (not frequency dependent)
In addition we will define
N = Ionosphere refractivity at f l = M lA4 , where MI
Ne
(in absence of magnetic field)12400
Z.N I = Ionosphere refractivity at f =M 
I 
A 2 there MI
L
N
1/2	 c
12400
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The indexes of refraction for f 1 and f2 ,i re given by:
L	 1 + L ( A 1 + Al)
µ l = 1 - ( A I + BI)
wilert.
LNIx106
	
3 +	 L N 1 x 10
(1 4 10 -6 N A ) L -1
T^ I
0 + 10
_
 N A ) +L
L	 1 + L	
L
 4. BL )
..	 -	 L +	 L
ti%here
	
L 	 -6NI x 1O
A,
	3 +	 L N 1 x 10
13 L
 = B 1
Using the rtbove equations we can write them as:
µi - 1	 LN1 (f 1 ) x 10-6
:1 1 + B1 =
	 L _	 3	 for N I (f	 << 1L + µ1
µ1! - 1	 L NL (fL ) x 1 0 -6
AL + 13 L
 = -- T =	 3
L + µL
but
M
A l	 3 N 1 x 1 0 6 = 3 - 1x 	 10-6
fl
M
AL h 3 NI x 100-6	 3	 L x 10-6
f 
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	A 1 - A	 2L = 3 MI x 10 -6
 I1	 1L - 
fL
	
1	 L
Subtracting (2) from (1)
A 1 - AL = 3 N 1 (f 1 ) - NL (fL ) x 10-6
	
(N 1 (f 1 ) - N 2 (f 2 ))	 1	 Ne
M I	 1	 _	 1	 2	 12400
2	 L
	
f 1	f2
from which the electron density N e
 is obtained. We can solve then
for NA using (1)
M
B1 = ? N1 (fl) x 10-6 - 6
	
1 x10-6
	
3	 fl
M
	
_ `—'	 N 1 (f 1 ) - L 1	 x 10-6
	
3	 f
1
but
	
( 1 + 10 6 NA) L - 1	 L x 10 6 NA
( 1 + 10	 1NA)` + L
	
3 + L x 10
-
 NA
N = ' B1A 
	
Lx10	 (1-131)
The errors in the .refractivity profiles will translate to
electron density and atmospheric density errors. We must now
determine what kind of accuracy we nee!", in our refractivity pro-
files so that our errors in ionospheric and atmospheric profiles
are tolerable. We can no longer usefully speak of rel y ti.c errors
sine the electron density and atmospheric density are zero over
large portions of the profile (space between atmosphere and iono-
sphere). Absolute errors must therefore be considered.
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1Gau::sian errors of zero mean and standard deviation c were
applied to the refractivity profiles, and they were se parated into
electron density (electrcns per cc) and atmospheric P/T ratios
(dynes/cm 2 /'oK) .
Table 4-2 gives the standard deviation of: 1) the electron
density and 2) the atmospheric P/T ratio for various values of T,
the standard deviation of the input refractivity profile.
The requirements stated in Subsection 4.3.3.3 impose that we
have a differential phase standard deviation of 0.01 cycles for
f = 2000 MHz and 0.005 cycles for f = 600 Mliz. In refractivity
units, th1s leads to T = 0.005 N-units for f = 2000 MHz, and 1 =
0.0075  N-units for f = 600 M11z .
TABLE 4—
ABSOLUTE ERRORS IN IONOSPHERIC DENSITY AND
ATMOSPHERIC P/'T RATION
I = 6 0 0MH z
—	
-^- --- - -	
-- -_
If = 2 000 MHz Q	 =	 0.05 (r	 _	 0. 1
(3	 =	 0,	 X05 1)
	 511. 15 el/cc 1)	 609. 56 el//cc
2)	 0. 14242 dynes 2)	 0. 172002 dynes
cm	 °K - 1 _+cm-2 °1{
rJ	 =	 0. 0 1 1)	 524. 218 el / I cc
?)	 0. 210855 dynes
1)	 630. 7 el/cc
2)	 0. 2 .13348 dynes
cm -2. K -  1 cm-2 "K - 1
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4.3.4 RANGE RATE AND POSIT ION DE'I'ERM I NAT ION
A recent analysis (Ref. 20) conducted at the Jet Propulsion
Laboratory indicates the capability of determining satellite or-
bits around Mars with extremely high accuracy. The uncertainty
in the periapsis altitude, for example, after one orbit, was found
to vary from a sigma of 0.4 meter to one of 40 meters depending
upon the particular orbital characteristics. Similarly, the un-
certainty in the period was discovered to he at most on the order
of 40 milliseconds. On the basis of this study, it can be con-
cluded that range rate accuracies on the order of 0.1 1.) cm/sec are
well. within reason. The relative uncertainty in the position and
velocity of the two satellites relative to each other will there-
fore be on the same order of magnitude (greater by at most a
factor of -\f-72, if the separate position and velocity errors are
independent). This error is larger than the maximum acceptable,
but it should be emphasized that these results are based on two-
way doppler meaLorements only; in particular, they make no 'Jse of
the doppler link between the two satellites. D.W. Curkendall
(Ref. 1_5) has shown that this link can be particularly effective
in the determination of the relative orbits of two satellites.
Effort is being made to include these data in future orbit deter-
mination programs. Another approach being investigated involves
a direct extrapolation of the intersatellite doppler data to esti-
mate the geometric doppler when the transmission path includes
the Martian atmosphere.
Finally, it should also be noted that the direct range measure-
ments, which will preswnably be available during the Voyager flight,
also r ave not been used in these satellite position determination
programs. These data, too, could conceivably be used to improve
the accuracy of the results, although at present this does not
seem to be necessary.
It is therefore concluded that the required range rate rms error
of approximately 0.18 cm/sec d(-z. s:...;; appear infeasible, when all
the observations are utilized
	
t.-	 fLI lest.
r
t
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4.3.5 PHASE MEASUREMENT ACCURACY
4.3.5,1 General
Three separate doppler measurements are to be used in the
experiment; viz:
1. The two-way doppler in the Earth-Voyager I link.
2. The two-way doppler between the two spacecraft (two
frequencies). (Since the Voyager I VCO will be phase-locked to
the signal received from Earth, this measure will also include
the one-way Earth-Voyager I doppler.)
3. The "stereo" doppler in the Earth-Voyager I-Voyager II
-Earth link.
It is shown in Section 4.3.6, that the threshold signal-to-
ri__,i.se ratio at this loop input is nominally 25 db in a 20 Hz
bandwidth. This implies a phase error standard deviation of 0.04
radian in the 20 iiz receiver phase-locked loop bandwidth. If 112
second averages are used to determine the doppler rate, this cor-
responds to a doppler frequency error of approximately 0.013 Hz
at 2000 Miiz. The task of obtaining an error of 0.0065 Fiz in the
600 MHz link is of lesser difficulty. The doppler errors in link
(?) of course will be slightly greater than this value due to the
error contributions of the other please-locked loops. Since these
bandwidths can be made less than the 20 Hz bandwidth of the final
loop, and since these other loops operate at higher signal-to-
noise ratios, these additional contributions are riot likely to be
significant. For the same reasons, the tracking accuracies of the
other doppler links will be somewhat greater than that of link (3).
To review in more detail, the behaviour of phase locked loops
when connected in series, let's consider the block diagram of the
e;cueriment (see Figure 4-23, Section 4.3.6.2) and let's analyze
the PLL tandem. Three loops in tandem are involved in the mea-
surement-one for the Earth-Voyager I link, th-- second for Voyager
I-Voyager II and the third for Voyager II-Earth (or Voyager Il-to-
Voyager I) link. Identical, critically-dampened, second-order
loops were assumed at earh terminal. The phase variance was de-
rived due to noise at the input of each loop. The Signal/ Noise
ra`io at the input, of each loop was assumed to be high enough to
ensure that the loops are operating in the linear region.
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The total output phase variance (T0 2 ) due to the thermal noise
at the loop inputs is
2	 N1
?0	 2Al2
Ei ( ) 6 dw + N2
2A2 '
f i ( ) 14	 dw
N3
2A32 f li2 dw
(1)
where N i is the single-sided noise spectral density and A i the
signal amplitude at the input. to the i. th
 loop, H(w) is the loop
transfer function,
	
H (s) = Ks + K 2/4	 (s = jw)
s2 + Ks + K2/4
and K the loop gain. Expressed in terms of the noise bandwidth
BL+L of a single loop ( BL = 5Y,/ 16) , T0 2 becomes
2 _ 483	 N 1 BL	 29 N 2 BL	 N3 BL
	
5x2 7 Al2	 + 40 A2 2 + A32
Assuming all three loop inputs simultaneously attain their thres-
	
N 1	 1	 N2	 1	 N3	 1hold values,
	 =	 -	
_ ---
	 —
	
A, 2	 2.09 x 10 4 	A22	 3.09 x 103	 A32	 3.31  x 102
the phase error variance would be a02 = (3.29 x 10 -3 ) BL .	 (4)
This, in turn, yields a phase-error variance of
^ 2 = (6.58 x 10 -2 ) rad 2 .	 (5)
(2)
(3)
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when the three loops all have 20 Hz noise bandwidths. This repre-
sents a 90/. increase over the variance contributed by the third loop
alone.
With 1/2-second integration time, twenty independent phase
samples can be obtained, with reduction of the variance to 3.25 x
10- 3 rad2.
The small percentage increase is, of course, a consequence of
the fact that the third link in this configuration is by far the
most critical one. In contrast, the phase-error variance in the
Earth-lloyayer I-Voyager I Voyager I link is nearly double (1.22
x 10- 2 vs. 0.64 x 10- 2 rad2 ) the value it would have were only the
last loop involved. Even so, this tracking error is considerably
smaller than that of the preceeding link and is well below the
maximum accept-able variance. The phase-error variance in the third
configuration of concern, tit Earth-Voyager I-Earth link, is also
attainable from Equation (3) by equating NI to zero (since only two
loops are involved). In this case, since the up-link is so much
stronger than the down-link the total variance is virtually en-
tirely due to the latter link alone, (- 0 2 = 6.05 x 10 -2 rad2).
As the relative positions of the three terminals change, these
conclusions as to the percentage increase in the phase-error caused
by the multiple-loop configuration may be altered. Nevertheless,
the total variance should never exceed those values derived above,
since these were determined under the assumption of nominal thres-
hold conditions ;t all three (or two) loop inputs.
A more difficult problem is to optimize simultaneously the
three loop transfer functions. The configuration utilizing identi-
cal critically-damped loops was chosen more for historical conno-
tation and mathematical convenience. Simultaneous optimization
would probably yield a superior design, and in any case would es-
tablish a standard to which a practical system could be compared.
4.3.5.2 Equipment Phase StaL.^ili_y
The refractivity measurements require overall rms errors in
the doppler residuals within 0.013 Hz at 2000 MHz and 0.0065 Hz at
600 MHz. This in turn requires that the components used in the
system have negligible phase changes as a function of temperature
and signal amplitude. In order to obtain direct information on
the phase stability of typical building blocks of the refractivity
measurement instrumentation, laboratory tests were --onducted within
the scope of the present program.
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Figure 4-9 depicts the laboratory tests setup. The two blocks
under test were a bandpass filter and a standard wide-bard ampli-
fier suitable for use either for IF or video frequencies.
Figure 4-1Oa provides the pass-band curve of the filter,
Figure 4-10b the frequency response of the amplifier.
Figure 4-11 shows the variation in output phas 8
 vs input ampli-
tude. It shows the remarkable feature of a sole 2 phase rotation
across 60 db dynamic range.
Figure 4-12 indicates output phase changes vs amplifier and
filter temperature.
Again it can be noticed how small phase rotations accompany
very large temperature excursions.
Figure 4-13 provides more details on the separate contribu;;ions
to the phase instability due separately to the filter and the
amplifier.
Figure 4-14 illustrates differential phase behaviours of the
assembly filter/amplifier when temperature changes. There is no
detectable variation in this parameter.
5100 AFREDSYNTHESIZER
8405AA	 VECTOR
	
9VOLTMETER
1ATTEN
	 8PSAMPFILTER 
V DC
ATTEN
Figure 4-9 Laboratory Tests, Setup
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Figure 4-10b Frequency Response Curve of the BP Filter
used in the Laboratory Tests
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Figure 4-1.5 finally indicates how the gain of the assembly changes
when temperature drifts. Again the smallness of these changes in
the large temperature range -75 OC to +750C is conspicuous.
As it is known, doppler instability is given by the ratio ;\O/At,
where At is the time interval during which the phase change '^o
materializes. The irrelevance of the 'ms's which stem from the
laboratory tests can be easily proven.
In order to cause, fcr instance, a 0.001 Hz doppler noise, the
temperature change of 150OC that Figure 4 indicates as capable of
producing a 16 0 phase rotation should take place in an unrealisti-
cally short 5-minute time interval.
It is concluded therefore, that present state-of-art electronic
blocks & e fully adequate to quarantee the phase stability neces-
sary for the desired refractivity measurement accuracy.
4.3.5.3 Antenna Requirements and Phase Problems
The type of antenna best suited for refractivity measurements
of the Martian neutral and ionized atmosphere is dependent upon
the configuration of the mission that uses two orbiters, 3 axes
stabilized, and in coplanar orbit. An Earth-oriented S-band link
already on the Voyagers will be available for receipt of a refer-
ence signal and for telemetry of experimental data to Earth.
Under these assumptions, no major antenna problems exist. Two
signals are generated in Voyager I in phase coherency with the ref-
erence signal coming from the Earth. A reference at 2000 M11z is
then transmitted to the other orbiter. At Voyager Orbiter #2, `the
2000 MHz signal, received from Voyager #1, is used to generate two
phase coherent signals at 500 MHz and 2160 MHz, both of which are
transmitted back to Voyager Orbiter #1.
The requirements for Voyager #1 can be accommodated by only
one additional antenna capable of transmitting at 2000 M.1Iz, re-
ceiving at 2160 MHz, and receiving at 500 MHz. Their response
must be omnidirectional in the plane of the Voyager orbits. It is
desirable and feasible to add some gain to this &ntenna in the
plane perpendicular to the orbital plane.
The requirements for the antenna in Voyager #2 are similar ex-
cept for a reversal of the transmit-receive function.
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r
A precaution must be taken since, if the radiation patterns
have nulls, each time that the Voyager-to-Voyager radio path line
passes through one of them, a 180 0 prase shift results. Based on
a helical antenna approach, two type!i of designs have been inves-
tigated: the one wavelength per turn and- two wavelengths per turn
configurations. The former is smaller in diameter and yields a
greater variation in the azimuth pattern. The latter has better
omnidirectional characteristics. Patterns for a single way one-
w-ivelength antenna are depicted in Figures 4-16 and 4-17. Patterns
for the two-wavelength circumference antenna are depicted in Fig-
, ires 4-18 and 4-19. The overall length of the antenna. in bot'i cases
is five wavelengths. Figures 4-20 and 4-21 are photographs of such
an antenna on a scale model of the Voyager vehicle. Figure 4-12
shows the anechoic chamber set-up used in the pattern measure.-^ents.
The gain of this antenna over a dipole is approximatel y 7 db
(for an overall gain of 9.1 db) including the losses due to cross
polarization. This gain is sufficient for the 500 MHz antenna and
is marginal for S-band. By increasing the length of the array the
extra db needed can be achieved.
4.3.6 REFRACTIVITY EXPERIMENT SYSTEM REQUIREMENTS
4.3.6.1  Genera 1
An overall refractivity experiment system block diagram is
shown in Figure 4-23. The experiment will be compatible with
and will utilize the telemetering and command systems that will
be a part of standard Voyager equipment. The refractivity experi-
ment will make phase comparisons between the Earth-to-Voyager
reference signal and the two Voyager-to-Voyager signals.
In order to make the phase measurement, each received frequency
must be phase-locked to a common frequency and then phase detected
to provide the differential phase measurement. The entire process
of phase-locking the various frequencies requires that a certain
integer relation between frequencies be maintained in order that
a common frequency in each phase locked loop be obtained. Actu-
ally, any combinations of frequencies between Earth ground stations
and the two Voyagers are possible providing that they are within
the bandwidths of the various units. However, frequencies can be
selected in which the harmonics are of lower order and therefore
more easily obtained with conventional circuits. The proposed de-
C71
	
sign (see Figure 4-23) can accomodate any frequency accessible
to the telemetering and command system.
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Figure 4-16 Azimuth Pattern of one-Wavelength Helical
Antenna Horizontally Polarized
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Figure 4-20 Voyager Scale Model with the Helical Antenna
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Figure 4-22 Voyager Scale Model Used for Antenna
Studies in Anechoic Chamber
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figure 4-23 overall Refractivity Experiment System Block Diagram
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The refractivity experiment has been designed to provide the
maximum flexibility, permitting measurements under most orbital
situations. In order to provide this flexibility, a mother/daughter
subsystem is contained in each Voyager spacecraft. The operating
modes are shown in Figure 4-24. In the normal mode (Fig. 4-24a)
transmission is from Voyager I to Voyager II and the mother subsys-
tem of Voyager I is titivated. When Voyager II is occulted (Fig.
4-24), operation between Voyagers is the same, but the telemeterinq
and command information to Voyager II must be relayed through
Voyager I. When Voyager I and II are occulted from each other
(Fig.4-24d), no refract.vity measurements are possible.
This desig,l, in au'lition to providing the flexibility of mea-
surement, will also, permit increased reliability because in the
normal mode the daughter subsystem of Voyager I and the mother
subsystem of Voyager II comprise a complete redundant system for
making the refractivity measurements. The system block diagram of
Figure 4-23 represents the normal mode with the redundant subsystem.
4.3.6.2  System Per f ., rmance
The refractivity system performance from Voyager-to-Voyager will
be consiaered here. Link's performance between Voyager and the Earth
station has been adequately covered in the literature (Ref. 21.),
and it is assumed that a similar system is planned for Voyager.
The proposed refractivity experiment will transmit from mother
to daughter at approximately 2000 Mliz and from daughter to mother
at approximately 2160 and 500 MHz. Because the 2160 and 2000 Mfiz
frequencies are so close, only the 2000 and 500 MHz paths need to
be considered.
Table 4-31ists the system performance parameters that wil' pro-
vide a 25 db signal-to-noise ratio in a 20 Eiz noise bandwidtl
This allows for degradation in the performance parameters. Some
tradeoff in terms of increased antenna gain and decreased trans-
mitter power may be possible if the orbits of the two Voyagers and
the stabilization of Voyagers within their orbits can be controlled
to permit the higher gain. No antenna stabilizat-ion is planned at
this time.
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TABLE 4-3
SYSTEM PERFORMANCE
Frequency
Xmtr Power
Ant. Gain-Total
Modulation Losses
System Losses
Path Losses
(17,000 km)
KTB (T = 2700')*
(B = 20 H7)
2000 or 2250 M1iz
	 5C0 MHz
44 dbm
	 44 dbm
20 db
	 10 db
-3 db	 -3 db
-3 db	 -3 db
-185 db	 -173 db
152 dbm
	 152 dbm
Min SIN
	 25 db	 27 db
*Where T is the effective system noise temperature and
includes noise figure, Ant Temp, and Waveguide losses.
4.3.7 EQUIPMENT DESIGN
4.3.7.1. General
The need to preserve phase information and the low signal
powers available dictate the use of phase-locked receivers. The
refractivity experiment block diagram (Figure 4-23) shows that there
are three phase-locked loops (PLL) in the mother orbiter and one
in the daughter. Included in these are the necessary transmitter
and frequency synthesis components as well as the normal low level
PLL circuitry. The choice of frequencies is somewhat limited by
the possibility of unwanted crosstalk. In particular, the three
voltage-controlled oscillators (VCO's) in the mother must be at
the same frequency in order to make valid comparisons between the
transmitted and received phases. There are `iowe^,er, other sets of
frequencies that will also fulfill all these requirements.
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4.3.7.2 Bloc=k Diagram Description
Complete block diagrams of the mother and daughter equipment
required for the refractivity experiment are contained in Figures
	
4-25 and 4-26.	 Since the circuitry is almost identical, however,
only the daughter equipment (Figure 4-26)will be explained in detail.
An RF amplifier is used to establish a low receiver noise fig-
ure and provide enough selectivity to reject the other carriers.
A tunnel diode amplifier was chosen for this requirement along with
a limiter to prevent saturation. The received signal is mixed
with the 108 th harmonic of the VCO to provide a 20 MHz IF frequency,
which is amplified in a high gain IF chain. The resultant signal
is :nixed with a lower harmonic of the VCO to form a second IF fre-
quency, which is compared with the VCO in a phase detector. The
DC output is filtered and fed back to control the VCO.
The VCO is then multiplied by 216 and 50 respectively, to form
the frequencies to be transmitted back to the mother. Prior to
transmission, both are amplified to their final power signal
levels.
4.3.7.3 Parameter Evaluation.
A loop SIN on the order of 25 db is desirable in order to
guarantee maintenance of lock in a PLL. This loop SIN (SNR L ) de-
termines the phase error due to noise and the loop bandwidth.
Thus:
	
Pno	 2 (SNR ) ^ 1 2 = 0.04 radiansL ^
which exceeds the required phase accuracy.
The loop bandwidth (B ) can be expressed as:
B _ T 0 0
L	 SNR
L
Where: B	 =0	 receiver predetection bandwidth
SNR0 = predetection SNR
c
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Assuming B	
_=50 KHz (a simple quartz crystal filter
centered at the second IF frequency):
P
C
SNR =
	
0	 KTBOF
Where P	 =
r	
power received v
FKT = -165 dbm/Hz
_ -127 dbm (worst case)
or 	 SNR = -9 db
0
and:	 BL = 20 Hz
The natural loop frequency (w
n ) and the loop bandwidth
are related by the equation:
B	
= Gun	
(1, + 1 ) Hz (Ref. 22, p. 30)
L	 2	 41-
For a damping factor of r = 0.5
W	 = 40 radians/second
n
With a narrow bandwidth system such as this, signal ac-
quisition time can become a problem, especially just after
occulation when it is desirable to obtain data immediately.
The doppler shift can be as much as 5 K14z removed from its
former (pre-occultation) value. One common acquisition
method would require sweeping the VCO.
In order to ^aintain lock, the loop cannot sweep at a
	
rate exceeding w	 (Ref.22 , p.36 ). Thus the maximum sweep
rate is 1600 radNec/sec or 250 Hz,'second; and 20 seconds would
be required to acquire the signal tinder the conditions outlined.
In order to avoid this difficulty, the VCO will be posi-
tioned from the earth to a value adjusted for the expected
doppler shift.
Other parameters of the loop are:
1) Max. doppler rate of change
0 u)2
a nl f =	 2	 (Ref .22 , p-30 )
1
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Where a
a 
= phase error.
Therefore:
•	
-
• t = 5 H:/second maximum
2) Loop gain
Loop gain and static phase error are related by:
v	 K
v
Where Av = phase error
Aw = doppler bandwidth
	
K 
	 = A K  NK0 = loop gain
	
A	 = DC voltage gain
	
K 	 = phase detector characteristic = 3 V/radian
	
K	 = VCO characteristic = 1 KHz/volt0
	
N	 = Local oscillator multiplication factor = 210
Therefore:
	
K	 = 47 x 106
v
K
	
and: A	
-	
12
dK NK o
Thus, little or no DC gain will be required in the loop.
4.3.8 INTERFACE REQUIREMENTS
No special interface requirements are anticipated at this
time. Power requirements are indicated in Table 4-4. Engineering
data can be conditioned for video storage and present recording
rates and storage capacity available on Voyager are expected
C
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to be adequate. The Voyager transmission rates are 15,000
BPS, and expected data rates for the refractivity experiment
will be less than 1000 BPS: therefore, their direct trans-
mission is possible. However, the large amount of data to
be collected when integrated with other telemetry and command
data for the overall experiment is best handled by the
provided storage facilities, there being no requirement for
real time processing. Storage requirements are expected to
be less than 10 percent of the available storage capacity.
The physical interfaces, weight, size, and temperature,
will be controlled using configuration management methods
to assure compatibility. The expected weight and size for
all of the proposed equipment are indicated in Table III.
Operaticn within a temperature environment of a 32 0F to 1650F
is anticipated, and the proposed equipment will generate
appro-imately 40 watts of thermal power.
4.3.9 ; ELF,METRY REQt'A. REMENTS
The parameters that will be monitored and telemetered
for the refractivity experiment are:
Phase Differences
VCO Frequencies
Phase Lock Loop Status
In addition, various signals to command the erection of
antenna and the positioning of VCO frequencies will be re-
quired. It is expected that provisions will be made in the
Voyager itself for numerous monitoring of temperature, pressure
power supply voltages, and various status signals indicating
events.
No special requirements for telemetry are anticipated
because data rates for the above are considerably lower than
available data rates. The engineering data can be time
multiplexed using commutators, then converted into binary
words and stored. Phase shift keying of the binary data to
a subcarrier frequency and then the summing of this signal
with necessary synch signals for telemetering to the ground
station is anticipated as in the Mariner program. Telemetering
of the information from Voyager to Voyager will also be
possible using the existing carrier frequencies. This will
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permit flexibilit y during occultations between earth and
Voyager or Voyager-to-Voyager. It will also introduce re-
dundancy for increased reliability.
4.3.10 COMMAND FUNCTIONS
The command functions required for the refractivity
experiment will add the following requirements to the exis-
ting Voyager command subsystems:
• Refractivity Experiment Antenna Erection
• Phase Lock Frequency Adjustment
• Start/Stop Command Experiment
• Redundant Change in Components
• Subassemblies
e Mother/Dauytiter,Interclia.ige
As an aid to performing the erection of the antennas,
the status of the erection will be monitored and telemetered.
The phase lock frequency adjustment can be made entirely by
adjusting the DSN transmitted frequency until the phase
locked loops from both Voyagers are locked up. This pro-
cedure will be used for initial lock up of the loops and,
as an aid to performing this operation, the variable con-
trolled oscillator (VCO) and lock indication of each phase
lock loop (PLL) will be monitored and telemetered back to
the DSN ground station.
The loss of lock due to occultation is a problem that
deserves special attention if acquisition after occultation
is to be effected in a short period of time (less than a
second). The narrow bandwidths of the phase locked loops
preclude their self acquisition in such short times and
necessitate use of program,ned auxiliary oscillators or a
programmed signa'. drive to the VC O ro effect the PLL lock-
up in short time (about 1/10 of a second).
4-S;,
'i'he proposed method calls for determining at the DSN
ground station from ephemeris data the time of expected oc-
cultation and the time and expected doppler frequency when
coming out of occultation. A command signal settinq the
VCO, or an auxiliary oscillator to the expected frequency
when coming out of occultation, would permit operation of
the phase lock loops within the one second requirement.
The times of occultation and associated doppler frequencies
could be determined after an ephemeris of the orbits of
Voyager has been obtained. A determination of the doppler
frequency to within 500 Hz would be adequate to provide a
phase lock within one second.
As in the telemetering subsystem, the command signals
may be encoded, modulated with a subcarrier, and transmitted
from Voyager to Voyager as well as from Voyager to Earth.
This will permit a flexibility that will allow for various
combinations of occultations and also increased reliability
because of the redundancy.
4.3.11 SUMMARY OF WEIGHT, SIZE, PRIMARY POWER REQUIREMENTS
FOR REFRACTIVITY EXPERIMENT
The summary of the main physical parameters of the
equipment involved in the refractivity experiment is pro-
vided in Table 4-4.
TABLE 4-4
WEIGHT, VOLUME, AND PRIMARY POWER
Power Weight Volume
(W) (kg) (m3)
Mother 62 8 0.013
Daughter 50 5.4 0.0067
Antenna - 2.2 0.0038
Telemetering & Command 5 2.2 0.0067
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4.4 TRANSMISSION ABSORPTION SPECTROSCOPY EXPERIMENT
4.4. 1 MODEL ATMOSPHERE OF MARS
For purposes of providing guidelines and establishing possi-
ble design limitations for the various absorption experiments
under study (e.g., microwave, IR, UV) for Mars, a model atmos-
phere is necessary. In the following paragraphs, a short survey
of the constituent abundances is given, and a specific model
atmosphere is selected that is believed to represent a most
recent consensus among investigators. One of the more compre-
hensive surveys of the atmosphere of Mars is presented by
Brooks (Ref.23), which is believed to supersede earlier surveys
such as those reported by Rea (Ref.24), and Van Tassel and
Salisbury (Ref. 25 ) . Another prominent work appears to be that
due to Evans et al. (Ref. 26 ), who have presented data giving
profiles for temperature, pressure, and density in the atmosphere
of Mars for several assumed models of constituent abundances.
4.4.1.1 A Survey of the Constituents on the Martian Atmosphere
4.4.1.1.1 Carbon Dioxide
Both the Mariner IV occultation observations in July 1965
and Earth-based spectroscopic measurements suggest that CO2 is
the major constituent of the Martian atmosphere (Ref. 42 , 28,
29). Spectroscopically, CO2 abundances were determined by an
investigation of the radiative absorption in weak unsaturated
CO2 lines. From data obtained during the March 1965 opposition
of Mars, abundance values of 65 ± 20 m-atm (Ruf. 36 ) , 68 ^: 26
m-atm (Ref. 28 ) , and 90 ± 27 m-atm (Ref. 29 ) were obtained. The
Mariner IV observations suggest that the Martian atmosphere con-
sists mainly of CO2 with abundances closer to the smaller values
suggested by the previous investigations (Ref.30). Under the
assumption of an atmosphere of pure CO2, a ".umber den Z! ity of
1.9 ± .1 x 10 17 mol/cm	 (at a pressure of 4.9 ± .8 ;nb) has beer
deduced, based on the immersion of Mariner IV into occultation
(Ref. 35, 42) .
4.4.1.1.2 Carbon Monoxide
Carbon monoxi.3e is suggested as a possible constituent of t
upper atmosphere of Mars. Carbon dioxide, for example, may
undergo photodissociation at altitudes 70 to 80 km by solar
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ultraviolet radiation giving CO 2 --CO + O (Ref. 31). These latter
constituents may again recombine to form CO 2 %(Ref. 32). Carbon
monoxide may also be produced by CO 2
 joining with atomic oxygen,
giving CO2 + 0+ ---CO + 02 + . The abundance of CO produced from
CO2
 by the aforementioned processes is about .2 cm-atm (Ref. 33).
In Figure 4-27 are profile models indicating CO 2 , C, and CO as
a function of the Martian altitude, where the process O + + CO2 --
CO + 02 +
 is assumed to be the main loss process in the ionosphere
(Ref. 42).
4.4.1.1.3 Nitrogen
Nitrogen was formerly believed to be the main constituent of
the Martian atmosphere bused on the assumption that the surface
pressure was considerably higher than that suggested by the Mari-
ner IV occultation experiment (Ref. 42,24). The results derived
from the Mariner occultation, however, indicate that nitrogen rep-
resents a minor constituent in the Martian atmosphere. Cosmic abun-
dance considerations suggest that the partial pressure of N2 at the
Martian surface should be about 1 mb (Re,f. 34 ), which suggests an
atmospheric model having up to 20% of N 2
 by volume (Ref. 42).
4.4.1.1.4 Nitric Oxides
Although there are many possible oxides that may be produced
in the Martian atmosphere-(Ref. 35 ), their predicted abundances
are extremely low (smaller than 5 x 10 -6% by volume). Since no
NO2 absorption has been observed in the spectra of the Martian
atmosphere, upper limits on it-s abundance confirm the predicted
extremely low values (Ref. 36) .
4.4.1.1.5 Neon
Gross et al. (Ref. 34), using the concept of cosmic abundances
indicates that neon should exist in the Martian atmosphere and
have a partial pressure of at least 2 mb.
4.4.1.1.6 Argon
Argon has been surmised in the Martian atmosphere to account
for the atmospheric density where the spectroscopically deten.li-red
amount of CO2 is insufficient to supply the total surface pressure
(Ref. 24, 37). A model atmosphere has been developed that assumes
that argon may exist up to 20% by volume, while other models exi^-t
that assume 500/. of argon (Ref. 42), corresponding to 60 m-atm of
CO2 and a surface pressure of 10 mb, while 84% concentration may
exist with a surface pressure as high as 19.6 mb (Ref. 38, 39).
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4.4.1.1.7 Oxygen
Both atomic and molecular oxygen are likely to exist at high
altitudes in the Martian atmosphere. Assuming a pure CO 2 atmos-
phere, the relative abundance of atomic oxygen. with CO2 and CO is
illustrated in Figure 4-27(Ref. 42 ). An upper limit of the
atomic oxygen abundance has been placed at 250 cm-atm by Marmo et
al (Ref. 32 ). An upper limit of the 0 2 concentration was set at
2 cm-atmosphere by Rea (Ref. 24 ).
4.4.1.1.8 Ozone
Marmo et al. (Ref. 32 ) indicate that no evidence exists for a
theoretical ozone concentration peak at some altitude above the
Martian surface, but that only a monutorric decrease of 0 concen-
tration with increasing height probably exists. An upper limit of
4 x 10-4
 cm-atm has been placed on 0 3
 concentration by Rea (Ref.
24 )	 based on a 2 cm-atm concentration of 0-).
4.4.1.1.9 Water Vapor
Spectroscopic observations indicate that Mars has a trace of
water, most of which is probably on or under the surface. The
atmosphere may contain a small fraction, amounting to 10 to 20 mi-
crons of precipitable water (Ref. 40 )
	 Spinrad (Ref.	 29) for
example, suggests 13 microns, while Opik (Ref. 30 } suggests 14
microns of precipitable H2O.
Although waper vapor on Mars has been determined spectroscope-
'	 cally from Earth, these observations are confined only to certain
regions with favorable local meteorological conditions. For example,
Spinrad (Ref. 29 ) has observed spectroscopically water vapor mi-
gration away from a dwindling polar cap.
4.4.1.1.10 Summary of the Gaseous Composition
In Table 4-5 is a si=ary indicating abundances of the
aforementioned constituents.
c
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TABLE 4-5
SUMMARY OP THE CONSTITUENT ABUNDANCES
IN THE MARTIAN ATMOSPI ERE
Constituent Concentration Investigators
CO2 65 ± 20 m-atm Owen,	 1966b;	 Opik,	 1966;
Fjeldbo et al,	 1966a
(Ref.	 36,	 30,	 42)
68 ± 26 m-atm Belton and Hunten,	 1966a
(Ref.	 28	 )
90 ± 27 m-atm Spinrad et al,	 1966a
(Ref.	 29	 )
44 to 971/o by volume Evans et al,	 1967
(Ref.	 26	 )
CO .2 cm-atm Shimizu,	 1966	 (Ref.	 33	 )
N 2 up to 20% Fjeldbo et al,	 1966a
(Ref.	 42	 )
3 to 52% Evans et al,	 1967
(Ref.	 26	 )
NO2 smaller than 5 x 10 -60/.
7
4-
Ne	 2 mb
Argon	 20%
500/.
84%
.6 to 25%
Gross et al, 1966
(Ref. 34 )
Fjeld:Do et al, 1966a
(Ref. 42 )
Gray, 1966a (Ref. 38 )
Gray, 1966b (Ref. 39 )
Evans et al, 1967
(Ref. 26 )
e
.n
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TABLE 4-5	 (Continued)
SUMMARY OF THE CONSTITUENT ABUNDANCES
IN THE MARTIAN ATMOSPHERE
Constituent
	
Concentration	 Investigators
02	 smaller than 2 cm-atm	 Rea, 1965 (Ref.	 24 )
smaller than 70 cm-atm Evans et al, 1967
(Ref. 26 )
0	 smaller than 250
	
Marmo et a1, 1965
cm-atm
	 (Ref. 32 )
03	 4 x 10 -4 cm-atm	 Rea, 1965 (Ref. 24 )
H2O
	
15 x 10 -4 prec-cm	 Spinrad, 1966a (Ref. 29 )
14 x 10 -4 prec-cm
10-20 x 10 -4 prec-cm
14 ± 7 x 10 -4 p.r ec -cm
Opik, 1966	 (Ref. 30 )
Otterman et al, 1966
(Re.f.	 40 )
Evans et al, 1967
(Ref.
	 26 )
According to Brooks (Ref. 23 ), the gases and vapors can be
grouped in three classes according to estimates of their abundance:
(1) CO2 0 A, Ne, N ,) comprise 100 m-atm or 99.95% by volume.
(2) 0, 0 2 , H2 O, CO comprise 5 cm-atm or .05% by volume.
(3) 03 , NO, NO21 N2 04 and others comprise 5 x 10- 4 cm-atm
or 5 x 1.0 -60A by volume.
4.4.1.2 Selected Model of the Atmosphere of . Mara
Since CO2 is generally believed to represent a dominant consti-
tuent in the atmosphere of Mars, the model atmosphere that will be
selected here is that given by Evans et al (Ref. 26 ) in which
CO2 comprises 97% of the volume and N 2 approximately 3%, with
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existing traces of the other constituents as suggested in the pre-
vious section. In Figures 4-28 :end 4-29 are given altitude pro-
files of CO2 density, pressure, and temperature for the Martian
atmosphere corresponding to the above suggested atmospheric consti-
tuent abundances. In examining the absorption due to other con-
stituents in the atmosphere of Mars (especially near the surface)
we shall assume uniform mixing in the computation of their density
distributions. Thus, their density profile may be obtained by the
proportionality,
N (CO2) x X (`/o)
N  =	 97
	 (4.4-1)
where X(%) corresponds to the volume percentage of the minor. con-
stituent, N(CO 2 ) corresponds to the density of CO 2 , and NX is the
density of the minor constituent.
4.4.2 MICROWAVE SPECTROSCOPY CONSIDERATIONS
The possibility of performing a microwave spectroscopy experi-
ment in the atmosphere of Mars is analyzed here for the configura-
tion in which a high-gain transmitting antenna is located on the
"mother satellite" as suggested by the configuration in Figure
4-30 .	 Because of the limitation in output power in the present
"state-of-art" microwave .oscillator tubes at frequencies above
200 Gliz, we have concentrated our analysis at frequencies below
this value. Unfortunately, none of the expected predominantly ex-
isting constituents on Mars, such as CO2, N 2 , N, and A, absorb in
this frequency range. Molecules that do absorb in this range, of
which there are expected possible traces, are H 2 O, 0 2 , CO, 0 3 and
NO2 . It has been suggested in Section 4.4.1 that these constituents
combined comprise at most 5 cm-atm. (STP) or 0.05% of the total
density. The maximum density on the surface of Mars for the present-
ly assumed model atmosphere described in Section 4.4.1 is 1.6 x
10 17 cm-3 . An upper limit of the molecular densities in the above
latter group of c, .stituents is then 5% of this value, which is
N	 = 8 x 10 13 (cm-3 )
	 (4.4-2)
max
It may be noted that if the upper limit density is to correspond
to a concentration of 5 cm-atm (Ref. 23 ), then Nmax as given by
4.4-2 may be assumed uniformly distributed over an effective path
length,
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[Cm-atm (STP) J x No
	
Leff	 N	
= 17 km	 (4.4-3)
max
where No is the Loschmidt's number = 2.69 x 10 19 (cm-3).
It is apparent that the expected upper limit of the above
mentioned constituents (equation 4.4-2) may be too small to obtain
detectable absorption on Mars. We shall therefore determine inde-
pendently the values of the constituent densities that do give
rise to measurable absorptions and compare these values with the
expected upper limit value (equation 4.4-2). It has been demon-
strated by Lombardini et al. (Ref. 45 ) that the measurable
absorption of electromagnetic energy over a propagation path, L,
that a receiver may detect (under idealized conditions) is given
by the relation,
	
a (db/km) di	 34.4 1/2	 (db)	 (4.4-4)
	
L (km)	 (PSO/PNO)
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where it is assumed that a frequency modulated carrier is trans-
mitted, PSO is the unabsorbed carrier power received, and P NO is
the noise power at the receiver input given by
PNO
	 rF k T Z,f]
	
(4.4-5)
where
F is the noise figure of the receiver
k is the Boltzmann constant.
T is the ambient temperature
"f is the bandwidth.
The expression equation 4.4-4 reduces approximately to that
derived by Gordy (Ref. 44 ), who considered propagation through
a uniform gas contained in a cell. The unabsorbed carrier power
is given by	 2
% P G G
T T R
Pso	 ( 4	 R) 2
where
PT = transmitted power at the mother satellite
GT ,GR = gains of transmitting and receiving antennas,
respectively
R = distance between satellites
= free-space wavelength.
To obtain an indication of the measurable absorption (4.4-4)
we shall assume a typical distance, R, between satellites and
idealized parameters as follows:
R = 10 4 km (equivalent to 1 112 times the 	 (4.4-7)
diameter of Mars)
PT = 10 watts	 (4.4-8)
G  = GR = 10 3	(4.4-9)
F = 10
	
(4.4-10)
T = 3000K	 (4.4-11)
L	 = LO Hz	 (4.4-12)
Substituting the above parameters into equations 4.4-5 and 4.4-6
we obtain
(4.4-6)
P	 = 4 x 10
-19 
watts
NO
(4.4-13)
4-57
i.
1) sov 6 x 10 -10 A 2
 watts (where T2 is in m 2 ) (4.4-14)
4
Substituting equations 4.4-13 and 4.4-14 into equation 4.4-4 re-
sults in the detectable absorption satisfying the relation,
-3
cx (db/km) d}	 Z	 1T	 db	 (4.4-15)
L (km)
where ) is expressed in meters.
As a first approximation at microwave frequencies, equation
4.4-15 may alternately be expressed as
-3
a	
N di
	
10	 db
o N	 (4.4-16)
L	
o
where N is the molecular density of the particular constituent in
the Martian atmosphere, No
 is Loschmidt's number [2.69 x 10 19 cm-3
and uO is the absorption coefficient at STP. The effective reduced
path length at STP is given by
N	
di -	
_	
102	 -
N 	(m) (YO (db/km)	 (cm-atm)	 (4.4-17)
L
When the equality sign holds the right-hand side of equation
4.4-17 represents the "minimLn" detectable retf l iced path length
(STP) pertaining to the constituent density, N. This value may
be compared with the maximum expected value of 5 cm-atm alternately
if N is assumed distributed uniformly over an effective path
length, Leff, and equation 4.4-16 becomes
N
min
2.69 x 1016
a (db/km) Leff (km) t, (m) (cm-3) (4.4-18)
{	 where the left-hand side represents the minimum detectable density.
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Assuming the identical effective path length as equation 4.4-3
(reduced path length over which the homogeneous constituent densi-
ty gives rise to the same absorption as the inhomogeneous density
over the actual path length) and using values of a o (at STP) as
provided by Ghosh and Edwards (Ref. 43 ), the corresponding
values of equations 4.4-17 and 4.4-18 are tabulated in Table 4-6
and compared with their maximum expected values.
Comparing the minimum detectable values of the constituent
densities (or the corresponding reduced path lengths) with their
maximum expected values in Table 4-6 , we observe the former to
exceed the latter. It may be concluded from our analysis that a
microwave spectroscopy on Mars is not presently possible with the
present power limitations on oscillator tubes, and emphasis should
therefore be placed on IR and UV spectroscopy to detect and char-
acterize the constituents in the Martian atmosphere.
4.4.3 II: ABSORPTION COMPUTATIONS FOR THEE ASSUMED MODEL
The aim of this section is to present a model depicting the
expected transmittances of the infrared radiation as the ray path
to the satellite passes through the atmosphere of Mars, as illus-
trated in Figure 4-31. Specifically, we are interested in deter-
mininq the transmittances versus the tangent altitude (altitude at
which the ray path is tangent tc) a sphere concentric with Mars)
over the frequency band of interest in the IR (namely from 2.54
to 20^i.). A knowledge of the expected transmittances over the
various spectral bands as a function of tangent altitude will pro-
vide design criteria concerning required sensitivity and dynamic
range of spectrometer. These results will also present notions as
to which constituents may be identified and what their limiting
altitudes are.
In determining the transmittance curves, we shall make use of
the model atmosphere described in Section 4.4.1. As suggested by
Plass (Ref. 46, 47, 67) and Stull et al. (Ref. 48 ), two basic
methods exist to evaluate the transmittance through nonhomogeneous
paths. The first method uses essentially theoretical quantities
for this calculation. For this case, it is necessary to know the
following information as a function of altitude for every band that
contributed to absorption:	 (1) the intensity f every line; (2)
the half-widths of every line; (3) the frequency of every line; (4)
the line shape. The second method makes use of absorption data,
either measured or calculated for homogeneous paths, along which
the pressure and temperature are constant. By relating certain
r
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NS iH
i = 1
f	 N( fl s (t) di
0
_ 
n0
1
n 0
fundamental physical quantities (such as pressure, temperature,
density) for the inhomogeneous path case with the homogeneous path
data, the transmittance may be deduced for the former. The basic
idea is that there are fundamental quantities common to both the
homogeneous and inhomogeneous cases that are multiplicative in
nature and therefore cancel. when their absorptions are related.
In using the latter technique, a knowledge of the individual line
shapes, half-widths, and spacing between the lines in the spectral
interval in question is not necessary. Because of the comparative
simplicity of the latter technique, we shall rely on it here to
compute the expected transmittances for the proposed model. For
purposes of completeness, the theory pertaining to this method is
described in Appendix A.
4.4.3.1 Absorption Criteria
It has been demonstrated by Plass (Ref.47,67) (see Appendix A)
that the absorption of infrared energy over an inhomogeneous path
along which the pressure, density, and temperature vary is equiva-
lent to the absorption over an equ^_valent homogeneous path having
a unifo rlm pressure, density, and temperature if the following re-
lations are satisfied:
Strong Line Approximation
-1	 1/2	 P
U	 =	 PH	 H	 s(T) N(i) P T-1/2
H	
d; (atm-cm)
n 0 0
(4.4-19)
Weak Line Approximation
N
S.1 (i) di
*	 1	 i = 1 0
UH
or
U
H
(4.4-20)
(atm- cm)
(atm-cm)
(4.4-21)
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where U•H is the equivalent absorptive path length (expressed in
atm-cm) and is given by
*U	 =
N1;
L 
—
H n0
(4.4-22)
where
NH = density of homogeneous constituent
L  = equivalent path length over which absorption is
measured or calculated for homogeneous constituent
no = 2.69 x 10 19 cm -3 (Loschmidt's number)
PH , TH = the total pressure and temperature of homogeneous
constituent
NW = constituent density as specific location along
inhomogeneous path
Q = total inhomogeneous path length
PW ,T (t,) = the total pressure and temperature at specific
location along inhomogeneous path
S i (T) = the i th line intensity in the given spectral. interval
at a point along the inhomogeneous path length
S iH ( TH ) = the ith line intensity measured at a temperature,TH.
The function s(T) may be calculated from the theory of molecu-
lar spectra and has been introduced in the derivation of equations
4.4-19 and 4.4-21 by assuming that each of the spectral line
intensities in the spectral interval in question varies according
to the same functional form of temperature. That is, if S i (T)
represents the i
	 line intensity at a temperature, T, in a spec-
tral interval in which i = 1 1 2 ...N, then it is assumed that
S i (T) = s (T) S i ( T H )
	
(4.4-23)
where S i (T 11 ) is the i th line intensity evaluated at an equivalent
'	 homogeneous temperature, T IC . Equation 4.4-23 is not valid when
I
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large temperature differences occur along the slant path and the
spectral lines have quite different intensities (Ref. 47 ).
Equation 4.4-19 is valid when the absorption of the incident
radiation is virtually complete over frequency intervals at least
several half-widths wide around the band centers of the strongest
lines in the band and when these lines are largely responsible for
the absorption over the given frequency interval. Equations 4.4-20
and 4.4-21 are valid when the absorption of each spectral line
considered individually is small even near the line centers. It
may be noted that equation 4.4-19 assumes the strong line approxi-
mation, a pressure broadened half-width, and the approximation of
equation 4.4-23 to be valid. Otherwise, this relation is valid for
any variation of line shape, line intensities, half-widths, and
spacing between the lines in the spectral interval in question.
Equations 4.4-20 and 4.4-21 assume the weak line approximation and
these results are independent of the type pf broadening (Lorentz
and/or Doppler), half-widths, spacing between lines, and pressure.
The absorption calculated from the Lorentz shape alone is not
changed appreciably by the Doppler effect for either weak or strong
lines at heights up to 50 km on the Earth (Ref. '51 ). This cor-
responds to a pressure of 5.9 x 10 -1 mm of Hg (Ref. 52 ), which is
equivalent to an altitude of approximately 35 km on Mars, assuming
the model of Section 4.4.1 . Since the predominant absorption oc-
curs below this altitude, some form of Lorentz broadening is appli-
cable here, thus justifying the use of equation 4.4-19.
For the present analysis we assume to know the density, pres-
sure, and temperature along the inhomogeneous path arid desire to
determine the corresponding absorption. Assume for the moment
that * a set of tables exists giving the absorptions at various values
of UJI , PH , and T fi .	 It nay be mentioned that such a set of tables
has been prepared by Stull et al. (Ref.54,48) for CO 2 and by Wyatt
et al. ( Ref.55,56) for H2 O. Their results cover a frequency range
500 to 10,000 cm- 1
 at intervals as low as 2.5 cm -1 , for three
temperatures (200, 250, 300 0K), seven pressures (.01, .02, .05, . 1,
.2, .5, 1.0 atm), and fifteen amounts. For CO 2 these amounts range
from .2 to 10,000 cm-atm, and for 1120 these amounts range from
.001 to 50 prec-cm. If the strong line absor_pticn approximation
is valid, equation 4.4-19 suggests that the absorption over any
inhomogeneous path may be deduced by computing the value of the
integral and examining a set of tables for which the absorptance is
tabulated at values of PH , TH , andUH satisfying the equality of
equation 4.4-19. Although a certain amount of arbitrariness exists
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as to the selection of UH , PH , and T H , only one value of absorption
is possible as long as (UIfPHT11112) is constant for the given path.
Likewise, if the weak line approximation is valid, equation 4.4-20
suggests that the absorption may be deduced by evaluating the
right-hand integral and examining any set of tables in which the
absorption is tabulated as a function of UH and TH independent of
pressure.	 (The function S(T) is intrinsically related to TII as a
reference.) If neither the strong line nor the weak line approxi-
mation is valid over the spectral interval, a method of interpola-
tion may be used to obtain the correct absorption as outlined in
Appendix A.
4.4.3.2 Estimate of Expected Absorption for Various Constituents
on Mars as a Function of Tangent Height
We shall here use the formulation presented in the previous
section, in conjunction with transmittance tables of Stull et al.
(Ref.	 54 ,	 48 ) and Wyatt et al. (Ref.	 55 ,	 56 ), as well as
the model atmosphere of Section 4.4.1, to obtain curves describing
the absorption of various constituents as a function of tangent
height over spectral intervals of 50 cm -1 in the spectral range
from 2 to 20a. Because of the expected abundance of CO 2 as well
as the existence of many CO 2 lines in this range, we have particu-
larly concentrated on this constituent with some emphasis on H2O.
Due to the unavailability of more extensive transmittance
tables at the time of this report, certain simplifying assumptions
have been made in the computation of the absorption curves for CO2
and H 2 O. These are:	 (1) the strong line approximation is assumed
to be valid for CO 2 over the entire frequency interval considered;
(2) the temperature is constant and equal to T = 300 0K. The a',)sorp-
tion for CO2 was then computed by equation 4.4-19 as the pressure
and density were allowed to vary over the path lengths. The former
assumption is considered to be for the most part valid for CO2
since its abundance as well as the absorptive path lengths are
large.
In order to obtain an estimated result here, the following other
assumptions were made: (1) the radiation from the sun over the
spectral interval used is considered to be constant du r ing the oc-
cultation process; (2) a spherically symmetric atmosphere is as-
sumed; and (3) refractive effects are neglected. With the receipt
of more data and its numerical extension, assumptions (1) and (2)
of the previous paragraph will be eliminated and the more general
4-75
C
situation of the mixed line strength and variations in temperature
will be considered later. Furthermore, a spherically inhomogeneous
model will also be considered later and refractive effects, especial-
ly at tangent heights near the surface of Mars, will be included.
It may be mentioned that in the synthesis of the data, the refrac-
tive effects determined independently by the mother-daughter satel-
lite experiment described elsewhere in this report will be used to
identify the path more exactly.
Making use of the above assumptions, equation 4.4-19 becomes
*	 PH	 (4.4-24)
UH =	
n
	
N(i)  P di	 a tm-cm
0
U
The equivalent pat' length of equation 4.4-24 has been numerically
integrated for CO 2 , assuming the model atmosphere of Section 4.4.1
for different tangent heights, depicted in Figure 4-31. The re-
sults are plotted in Figure 4-32 for P H
 = 1 atm. Comparing the
results of this curve with the data in the tables by Stull et al.
(Ref. 48) for CO2 and Wyatt et al. (Ref. 56) for H 2 O, leads to the
corresponding equivalent absorption over the path lengths relative
to the different tangent heights. In Figure 4-33 the absorption
displays are plotted as a function of frequency over the spectral
interval 2 to 20 microns for path lengths corresponding to dif-
ferent tangent heights. The absorption in db is here defined as
10 Log 10 I o/I where I o
 and I are spectral intensities before and
after absorption, respectively. The available absorption data had
been computed at center frequencies located at spectral intervals
of 50 cm-1 and averaged over an interval of 50 cm- 1 for CO2 and
100 cm- 1 for H2 O. In Figures 4-34 and 4-35 are plotted the ab-
sorptions as a function of tangent altitude for specific center
frequencies in both the 15i and 44 interval. Assuming a 20 db
dynamic range and a minimum detectable absorption of .5 db, it is
apparent from Figures 4-34 and 4-35 that the absorption may con-
tinuously be monitored up to a tangent altitude of, at most, 50
km.
4.4.3.3 Synthesis of Absorption Data for the Determination of
Pressure, Temperature, and Density
As an illustration of the technique that can be employed to
 synthesize the raw observed absorption data so that pressure,
I
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0temperature, and gas constituent density can be determined, consider
an idealized case of a spherically symmetric atmosphere of Mars di-
vided into concentric intervals (e.g., 1 km intervals) as shown in
the out-of-proportion sketch in Figure 4-36 	 The ray path tra-
versing the tangent altitude is labeled path i (i = 0, 1, 2 ...) ,
where i = 0 represents the grazing ray path as shown. In the in-
terval (h i - h i-1 ), the average values of pressure, temperature,
and constituent density are denoted by P i , T i , and N i , respectively.
Although the absorption throughout the frequency interval from
2.5[i to Mi is to be measured, we shall, for the moment, consider
two spectral intervals: one in which the weak line approximation
is most probably valid, the other in which the strong line approxi-
mation is valid. For the weak line case, the integral in equatiL'n
4.4-21 may be expressed as a discrete summation over the approxi-
mated uniform path length intervals depicted in Figure 4-36 .
Considering N tangent paths, we may consider the following N equa-
tions:
UH1	 = 2s (T 1 ) N (h 1 )i.L 11 + 2s (T 2 )N (} 1 2 ), .L 12 +.. 2s (T n )N (hN)J.LIN
UH2	 0 +	 2s (T 2 ) N (h 2 ) L.L 22 -i ... 2s (TN ) N (} 1 N) L.L2N
(4.4-25)
t
UHN	 0 + 0 + ......+ 2s (T N ) N (hN ) C iN N
the j th tangent
4-36 ) for the
the i th altitude.
ie
 different tan-
which may be
of P fi (the weak
`or a given ref-
where UH F is the equivalent absorptive length ove
path, ALip is the pth indicated interval (Figure
nth path, s (Ti) N (h i ) corresponds to the values at
The experimental values of the absorptions over t
gent paths dictate the values of UH Ufi2,..•UHN,
found from the transmittance tables for any value
line approximations independon7- of pressure) and
erence temperature, TH.
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The equations in 4.4-25 represent N equations and N unknowns,
from which we may obtain a curve relating s(T) N(h) to altitude.
Assuming that we may express this product relationship functionally
by f i (h) , then
s (T) N (h) = f l (h)	 (4.4-26)
Now consider a frequency interval over which the strong line
approximation is most probable. Then equaticn 4.4-19 may be ex-
pressed in a form similar to equation 4.4-25, namely,
A l = 2
	
L11 + 2aZ
 L L 12+ ....+ 2ct 
L L1N
A 2 = 0 +	 2(1- L L
	
2a22 + ..	 N C L 2N
A	 = 0 +	 0+ ...... + 2a  [, LNN
	
(4.4-27)
N
where
A i	 (PH T If - 
1/2U
H ) i	 (4.4-28)
and
a] - C s (T) p T-1/2 N 
	
(4.4-29)
where again the absorption over each tangent path dictates a
specific value of A i and the unknown coefficients correspond to
a., The solution of the N simuli-aneous equations gives the
dependence of a j , an altitude that we assume to express functioi
by
s (T) p T-1/2 N = f 2 (h)	 (4.4-30
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Assuming the perfect gas law to be valid,
p = k N T
	 (4.4-31)
Substituting equation 4.4-31 into equation 4.4-30, we arrive at
k s (T) T 1/2 N2 = f 2
 (h)
	 (4.4-32)
Squaring equation 4.4-26 and dividing the result by equation 4.4-32,
we arrive at the transcendental equation,
-1/2
	
f 1 2 (h)
s (T) T	 = k	 f 2 (11) (4.4-33)
V
from which the temperature variation as a function of altitude may
be deduced. A knowledge of the T variations leads to the p and N
variations by use of the other equations.
4.4.4 DESIGN CONSIDERATIONS FOR THE IR SPECTROMETER SYSTEM
4.4.4.1 Basic Spectrometer System
In view of the requirements of having a simple detector system
that can operate at standard temperatures (e.g., 300 0K) and be
sensitive to radiation in the band 2.54 to 20;x, a balometer detector
is considered as the detecting element. In order that we have suf-
ficient signal-to-noise ratio, computations are made here to deter-
mine the requirements on the collecting aperture for a given high
resolution, Ah = 1 km, and for a selected type of spectrometer.
An interference spectrometer is suggested because a gain in the
signal-to-noise ratio, SIN, is realized over that obtained with a
dispersive type instrument (Ref. 61.). A sketch of the system
is depicted in Figure 4-37 . A collector mirror of area, A, and
focal length f forms an image of the sun on a plane in which a
circular hole of diameter d r is cut so that the proper height reso-
lution (e.g., 1 km) is obtained. The portion of the image trans-
mitted through the circular hole is incident upon the interferometer
cube and the interferogram is obtained using a bclometer whose out-
put is subsequently reduced and recorded. In order to reduce smear
due to the rapid passage of the sun-satellite path through the
atmosphere of Mars, a complete s^--)n cf the 2.5^; to 204 spectrum
should be made in a time of l second or less.
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A spectrometer design of the type described above, having a
spectral resolution 1v, of 20 cm -1 , is commercially available for
satellite flights (Ref. 65 ).
In the following sections the specific design requirements of
the IR spectrometer will be determined.
4.4.4.2 Relationship between the Sun's Image and the Orifice Size
In this section we shall examine the relation between the dia-
meters of the orifice and the Sun in order to obtain for a given
Mars-to-satellite distance a height resolution of 1 km. The Sun's
diameter, DS , and its average distance to Mars, D SM (Figure 4-38)
is given by
DS = 1.4 x 10 6 km
ID SM - 2.2 x 108 kmV
(4.4-34)
(4.4-35)
The satellite subtends an angle	 (depicted in Figure 4-38)
given by
S ^ 6 x 10-3 rad	 (4.4 -36)
At a Mars-satellite distance, dsm, the height interval subtended
by the Sun along a plane passing through the center of Mars is
Ah = 6 x 10-3 dSM
	 (4.4-37)
As an example, for a distance of d SM = 5000 km, Ah is 30 km. Thus,
in order to achieve a 1 km height resoltuion, an orifice 1/20th of
the diameter of the Sun's image must be used.
The size of the image is directly related to the focal length,
f, of the collecting mirror by the relation,
d  = f aS = 6 x 10-3
 f
	 (4.4-38)
where
dS = the image size of the Sun at the image plane;
f = focal length of collecting mirror.
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making 1/30th of d s , as given by equation 4.4-38, we obtain an ori-
fice size,
d = 2 x 10 -4
 f
	 (4.4-39)
r
As will be shown later, limitations rust be placed upon d  in order
that the interferometer maintains its spectral resolution over the
band. This limitation will then determine the focal length of the
mirror.
4.4.4.3 Collecting Mirror Characteristics
We shall assume that the Sun radiates as a black body source
having a uniform surface temperature (averaged) that subtends an
angle, t3S, at the receiver location that is larger than the angu-
lar beamwidth, Aw, of the collecting mirror. It it is assumed
that the angular beamwidth of the collecting mirror is diffraction
limited, then
In	 ;:z ?^/D	 (4.4-40)
where
= wavelength in spectral interval
D = aperture of collecting mirror.
The power received by a "point receiver" (e.g., one in which the
orifice area is of the order of the focal area) is given by (Ref.
63)
	
d Po (^^ )	 _	 2 C: 2 h	 (4.4-41)
d	 3 (eCh/I,KT - 1)	 (watts/m)
where
C = speed of light (meter/sec)
A = wavelength (meters)
h = Planck's constant = 6.6 x 10
-34 joules/sic
K = Boltzmann's constant = 1.38 x 10 -23 7oulcs/oK
T = temperature of Sun z 6 x 10 3 OK
In terms of the wavenumber v = ?N -1 ,4 x 10 5 m-1 (i.e., A >2.5
microns), equation 4.4-41 reduces to
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d P (v)
°
dv	
= 2 K C T (watt/m )	 (4.4-42)
It should be noted that equations 4.4-41 and 4.4-42 are independent
of the diameter of the collecting mirror. An increase in the
diameter of the mirror, t lrierefore, does not increase the power flow-
in into the focal area but only decreases the focal area itself,
which is equivalent to increasing the resolution of the mirror (i.e.,
i_s ability to distinguish between two adjacent point sources).
For our present case we do not have a point receiver, since the
orifice diameter dr will be much greater than the focal diameter,
and hence the power received will be dependent upon the collector
aperture area. The receiving area, Art given by
7r d 2
r
A  =	 4	 (4.4-43)
effectively broadens the angular beam—i dth of the collecting mirror
and hence this beamwidth is no longer diffraction limited as sug-
gested by equation 4.4-40. The effective beamwidth ge may be com-
puted, using geometric optic theory and is given by
dr
0e z f
	
(4.4-44)
The orifice .receives radiation from a Larger area of the Sun than
does the point receiver. From the above discussion, we may deduce
that the orific^ aperture can be considered to be a collection of
point receivers of apertures equal to some effective focal area,
Afi . Each focal area, A fi , collects radiation from a ?ifferent
+	 area on the Sun, A Si , given by
A	 = I [D	 r, 1
Si	 4	 SM W
(4.4-45)
where DSI„1 is depicted in Figure 4-38 and PW is given by equation
4.4-40. If the radiation intensity in the fecal Mane were uni-
formly distributed over the effective foca? area, this area wcu'.d
account for all the power, AP(v), collected by the mirror due to
radiation from ASi . Following the development of Dorn and Wolf
(Ref. 64 ) we obtain an expression for Afi given by
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2Afi. -	
4 ^
	 (f/D) 2
I
(4.4-46)
Thus, the total power, AP 
r (%)), received by the orifice, d r , is equal
to the power received through each effective focal area, A fi , times
the nwnber N of focal areas contained in the orifice. That is,
A
r
d P (v)	 = d P (v) x N	 ,.,	 d P 0 ('J)	 A	 (4.4-47)
r	 O	 fi
or
2
d  D	 (4.4-48)
d P r (v) = d P0(v)	 4 A f
where d Po (v) is the power received by a point receiver (equation
4.4-42), A  is given by equation 4.4-43 and A fi by equation 4.4-46.
It should be .remembered that equation 4.4-41 was derived under
the assumption that the Sun is a uniform black body and that the
focal area, A fi , is constant for focus points away from t l e axis
of the collecting mirror. Since the mirror has an overall effi-
ciency,	 due to losses caused by imperfect reflections from its
surface as well as diffraction losses, the power rec e iver d Pr(v)
would then be
i
d	 2
d P ('^)	 = T} d P (v)	 T	 r D
r	 o	 4 A
	 f
rk
(4.4-49)
The power dete..-mined by equation 4.4-49 is that power which is
delivered to the interferometer cube depicted in Figure 4-37
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4.4.4.4 Interferometric Considerations
In this section, we shall. give a br-ef analysis of the opera-
tion of a specific type of interference spectrometer of the kind
depicted in Figure 4-39, namely the Michelson type, in order to
later relate the minimum detectable atmospheric absorption coeffi-
cient, amin (See Section 4.4.4.6) to the specific interferometer
characteristics. When the radiation from the sun passes through
the atmosphere of Mars, the power received by the orifice is no
longer proportional to the d P r (v) as given by Equation 4.4-29.
The absorption due to the constituents in the atmosphere will
modify this relation and the power incident on the collecting mir-
ror will be proportional to some new function Er(v), where Erk)
is the recei •/ed spectral power density after the radiation has
passed through the atmosphere. The power received by the orifice
then takes the form,
d	 2
d P (, ) = r E (,, )	 Tr	 r D	 dv	 (4.4-50)
r	 4 1,	 f )
or
d P r ( ti. ) = C (%,) dv	 (4.4-51)
where C(V) is the collected spectral power density that is inci-
dent on the inte ferometer.
Consider an essentially monochromatic element of the spectrum
C( , ,) situated at a wave number V. The power incident on the in-
terferometer is given by Equation 4.4-51. When the movable mirror
is located at the x = 0 position, the paths of the two teams,
caused by the splitting of the incident beam, are equal and hence
the power incident on tic detector is maximum and equal to 1/2
C(v)dv. The 1/2 face-or appears because 1/2 of the power is re-
flected out of the interferometer along the path of the incident
rays. Note that all spectral components in the spectrum will add
in phase for this condition and hence the detector will have one
half of all thc'collected spectral power incident on the orifice.
As the mirror is moved either to the left or right, the path
length of beam 2 changes with respect to the path of beam 1,
causing the power incident on the detector to decrease. When
x = Nx, the path lengths differ by a half wavelength, causing
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complete cancellation of the monochromatic power at the detector.
Thus, the power incident on the detector will vary as
1	 [cos (47rx ) + 1]
d P r (v ) = 2 C (v)	 2	 dv	 (4.4-52)
where x = diplacement of mirror from the reference.
If the mirror is moved at constant velocity from -x m/2 to
FM	
Z,
+xm/ the detected power will vary in a time - 2 __. t - 2M
	
as
2
d Pr ( t ) = 4 C (v )	 cos ( 47u t ) +1	 dv	 (4.4-53)
For a detp ,tor having a resoonsivity, R, the output -voltage (de-
picted in Figure 4-39) has a time variation (Ref. 66),
(IV (t)	 4 C (,)) dv cos (27'f t) 	 (4.4-54)
where the do term has becii omitted. The modulation frequency,
which may be shown to be given by f = 2vru, is typically in the
audio range (i.e., less than 1 kHz) . It may be noted that the
responsivity of a bolometer detector is relatively constant in
the spectral band 2-20r. In all further developments we shall
omit the de term of Equation 4.4-52 since it does not contain
information of the shape of the spectrum.
Assuming that the entire spectrum contains elements that lie
entirely between the wave numbers from va to vb, the time or
distance dependence of the detector output would be
vb
V (^y) = R Pr ( )	 4	 C (v) cos ( 27-y„] dv
va
where y = 2x - 2Vt is the total phase path change.
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E
(4.4-55)
x
m
Pd f)	 is 2 qr V I y d-y
U
SG') = 4R (4.4-58)
In order to retrieve the desired spectrum C( V ), one must
perform an inverse Fourier operation on Equation 4.4-55. Such
an inverse transform is given by
00
S ( ti ') = 2R	 Pr (y) cos (27r v' y) dy 	 (4.4-56)
00
Since the parameter, -, , varies from -Xm to +X nl , the function
Pr(y) will be assumed as z.-!ro outside this range. Making use
of this fact plus the fact that Pr (y) is an even function,
Equation 4.4-56 becomes
vb	xm
S ( ti,') = R	 d 	 C („) cos (27ry %,) cos (27ry %,') d yfV	 1
.a 
(4.4-57)
Since the parameter y varies from -Xn l to +Xm, the function of
Pr(,) will be assumed to be zero outside this range. Since
Pd(,) is an even function, Equation 4.4-57 reduces to
Substituting Equation 4.4-56 into 4.4-58 we have
V 	 x 
S (v') = R	 dv	 C (v) cos 27r y v cos 27 y v' dv
tia	 U	 (4.4-59)
We shall now show that if Xm is suffic'ient;y large (a value
to be determined), the Fourier Transform S(v') of V( Y ) is equiva-
lent to the collected spectral power density C (v) .
In practice, one would perform the operation given by Equa-
tion 4.4-58 on V(,) using a digital computer or an electronic
`	 correlator.
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Integrating the right-hand side of Equation 4.4-59 with
respect to .,' we obtain
V ^^
R	 sin 27 (v-v' ) X m	 sin 27r ( v+^,' ) X nl
2	 271 (v-v')	 2-r (v+v' )
a
(4.4-60)
The function having the form ( stn 
rY x) is oscillatory,
except in the vicinity of cr = 0. Since v and v' are positive
constant, the second term of Equation 4.4-60 will contribute
very little to the integral as the integration  variable. v passes
through v'. Thus, we shall neglect this contribution and Equa-
tion 4.4-60 becomes:
vb
R	 2 (v-v' ) X S (v')	 2	 C (v) sin	 27-,(v-v')
	
dv	 (4.4-61)
V 
Case A	 Slowly Changing Spectrum
rif C( %,) changes very slowly over the width. AV,, given by
1	 (4.4-62 )AV	 =. ( v — % , ') - 2X
^	 m
_lien C(v) can be replaced with C( ,,,') and be taken out of the
integral to give
^b
R C ,'	 sin 27r (v-v' ) Xm
2	 27T (V-V'
V
a
Since v - v is assumed much larger than \v,, upon integra-
tion, Equatbion 4.4-63 results in 	 ^"
I	 S( v' j	 W R volt-cm	 (4.4-64)
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Thus, when the resolution, Avi, of the interferometer is suffi-
ciently small, the approximate computed spectrum S(v') is equal
to the actual spectrum C( % ').  The factor of 1/4 is present be-
cause one-half the power is lost in the interferometer and the
ether half is lost to the do component.
Case B	 Spectrum for Case AV < !y
.	 1
In case the line width Av is less than the instrument resolu-
tion %,i the recovered spectrum signal level, S ( % ,') will be less,
where S (v' ) is now given by
:vvo + 2
sin 2ir (v - v') X
S (v')	 _ ^	 R C (v)	 2.r (V - v') 
m dv
_ v
N) 0
	
2
X4.4-65 )
In Equation 4.4-65, we have assumed that the line shape is rec-
tangular (of width ,^ v) in order to illustrate the form of S (v') .
Thus,
V +
0	 2
sin 2 T (v - v') X
S(v') 2 C(N.
 )^c	 dvm	 2r(v - 
v,)x
	
m 
M
10	
IV
0	 2
(4.4-66)
or
sin 2T(v	 - v')X
S(v')	 = 2 C(vo )Xm
 r v	 2r (v 0 v')X mo	 m
(4.4-67)
Thus the peak of the recovered line is
S (vo)
	
ill. C (v o ) Xm pv	 (4.4-6R)
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NEP
S
N
I
(•4.4 -71)
When the instrument width nvi is greater than the width Av, the
recovered spectrum peak intensity is reduced by a factor Lsv/Avi.
If the instrument width nv i is less than the Av, then the re-
covered spectral intensity will be that given by Equation 4.4-64.
4.4.4.5 Signal-to-Noise Ratio of the Recovered Spectrum
The amount of input power required to increase the detected
output voltage to twice the output noise voltage level is called
the "noise equivalent power" (NEP). With this power, the noise
voltage at the output of the detector changes by
V  = R (NEP)	 (4.4-69)
The signal strength of the interferogram is
Vb
V (o) = R	 ^ (A ' dv	 (4.4-70)
Ja
and the signal-to-noise voltage ratio at the center of the inter.-
ferogram is
where the NEP is given by
(13w) 1/2 (A) 112
NEP =
l)* (4.4-72)
c
and where
A is the area of detector in em
BW is the bandwidth that the output of the detector is
subjected to
D* is the specific detectivity of the detector.
Let us now focus our attention cn a spectral element C(v)AV,
which produces a signal at the output terminals of the detector c.•f
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R C (v0 ) c.v volts	 (4.4-73)
It will be assumed that the spectrum consists of a single line
at strength C (v ) having a rectangular shape of width ;^v . The
signal strength°of this element in the interferogram would be
that given by (4.4- rA ) . ` lie signal-to-noise voltage ratio in
the interferogram is for fhe case of a single line
S 	 o
N	
i	 (13w) 1/2 A1/2
(4.4-74)
It is now our task to determine the sio
processed spectrum denoted by (SIN)S.
vious section, when the resolution Avi
greater than the spectral width of the
tral intensity is reduced by the ratio
energy density is (from Equation 4.4
-68)
final-to-noise ratio in the
As was shown in the pre-
of the instrument is
line, the recovered spec-
A V/Avi . Thus the spectral
given by
S (^'o)	 4	
C (vo)	
Gy'Vi
(4.4-75)
Parsevai's relation yields the following for the noise power,
NS 2 , in the recovered spectrum (Ref.
	 ),
NS2	 b - va)	 N.2 x 
where N. 2 = noise power density
equation assumes that the noise
uncorrelated with signal. Thus
spectrum is given by
N. X
_	 t m
NS	 (v b -v ) 1/2a
(4.4-76)
in the interferogram. The above
in the interferogram N. 2 X  is
the noise in the processed
(4.4- 7 -7)
Now the noise N.i in the interferogram given by Equation 4.4-69
results in
X
NS =	
Gm
	 )	 V  volt-cm
b
Thus the signal-to-noise ratio in the recovered spec
4-100
4 C ( V0 ) ^- D
S	 ' ^ I
N
S	
Xm	 (BW)1/2 Al/2
V17V 1b a )
where
X
BW = 2 ( vb - ti,a) ,rm
m
(4.4-79)
(4.4-80)
Substituting Equation 4.4-80 into 4.4-79 we obtain
S	 __ yl
N 5	 4
C (v ) L,v D*
o	 m
Al/2 (4.4-81)
In terms of NEP, Equation 4.4-81 becomes
S I	
-:z	
—
S	 2	
c(v )	 t" V	 I (vb	 va)
I N I S	 4	 0	 1" V 	 NEP (1.4-82;
where
2
_	 rr dr D I
	
C(V 0 )	 T) E(V0)	 4	 t
Since there is an inefficienc., associated with the interfero-
meter, Equation 4.4-81 should be multiplied by i , which is de-
fined as the efficiency of the interferometer. Tlius the signal-
to-noise ratio is
V 2	
C ( v )	 ^^ D*	 Tm
	
N S	 4	 Tai	 A1/2	
(4.4-83)
4.4.4.6 Minimum Detectable Absorption
Since we are interested  in observing the absorption lines of
the atmospheric constituents, the signal we desire to discern
would correspond to a differential decrease in the received spec-
trum of the Sun. We must Le able to distinguish this change from
any random changes due to noise. Assuming that the fluctuations
are entirely due to noise in the thermal detector, we can obta.i.,
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J*
R C (V0)
S (, 0 )	 4 I
(4.4-86)
an estimate of the minimum detectable absorption, amin• We
define amin as that total absorption along the path which is re-
quired to cause a change in the recovered spectrum of level equal
to the noise in this spectrum. Thrs, without absorption the pro-
cessed spectral distribution is
R C (, )
r,
S 0 ( v 0 ) =	 4
	 (4.4-84)
where vo is the wave number at which absorption is to take place.
In presence of absorption, the resultant processed spectrum will
be reduced in magnitude by an amount L1S(v 0 ). That is,
S( a ) = S 0 ( 1 . 0 ) - S ( 0)
	 (4.4-85)
Now the amount of change S(,,o) that is obtained is a func-
tion both of the intensity of the absorption line and its effec-
tive width _^v. For example, the incoming collected spectrum may
have the characteristics depicted in Figure 4-39.
in order to determine AS, let us consider the following
argument. In Section 4.4.4.4 we had shown that for an emission
line of width Av and peak strength C ( % , O ) , the processed spectrum
had an amplitude,
and a width equal to the instrument width 1 ,'^i. Thus a narrow
spectral. element is smoothed out by the limited response of the
instrument. It appears, therefore, that an absorption line as
shown in Figure 4-40 would also be smoothed out (e.g., the de-
pression decreased in intens3ty). Thus, for absorption line of
change `C we assume that
	
G,S (v )	 T	 y0	 y R	 (4.4-87)
	
0	 4	 V 
where
	
^C(v 0 )	 = C0 (1)0 ) - C(v0)	 (4.4-88)
Substituting Equation 4.4-87 and 4.4-88 into 4.4-85, we obtain
that at the absorption line, N , 0 , thr,
 processed spectrum has a
magnitude given by
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[C° (v° ) - C(vo)]R
S (v°)	 So ( v° ) -	 4
G
vI	 (4.4-89)
In order to be able to detect the change [So( .)() ) - S ( % o) l in
the processed spectrum, this change must be at least equal to the
noise NS . Thus,
S ° ( v o ) - S ( v o )	 NS	 (4.4-90)
Substituting Equations 4.4-89 and 4.4-77 into 4.4-90 we obtain
4	
GvI	
4	
GvI	 ( vb 
_ v )	 (4.4-91)
where C o ( % o) is the collected spectral power density in absence
of absorption and is given by
2
C (v )	 _	 2K C T	
rr dr D
U 0	 4 T	 f
(4.4-92)
Let us assume that in presence of an absorption line that
C ( v o ) can be expressed as
C ( V ° ) = C U ( V° ) 11 - cr]
	 (4.4-93)
where a would be a measure of the total absorption along the
entire path of the radiation centered at v = v o . Substituting
Equation 4.4-93 and 4.4-92 into 4.4-91 results in the following
expression fora.
min
AV
	2 NEP	 1	 GvI	 1
a	 =2
min	 71 Ali KCT	
`'vI ( vb - 
v a )	 G v	 If dr D
4 T	 f
(4.4-94)
4-104
c
"Ops, 	a"^	 tom _ _ — +-.,.	 AM
.T
T	 amin (4.4-96)
i
2rr Lv .i
V
(4.4-98)
Substituting Equation 4.4-72 for 'L"TP and Equation 4.4-80 for BW,
we obtain
_	 '^/ 2 X1
112
  1	 1	 _ 1
amin	 T,	 KCT D*	 p v	 2	 (4.4-95)i	 r
	
di D	 T
4 T	 f	
m
where N is the effective width of the line, Tm is the scan time,
and T is the effective temperature of the Sun.
In order that the temperature fluctuations of the Sun do not
cause fluctuations in the processed spectrum greater than the
noise NS , the temperature variation ZT must satisfy the inequality,
The minimum absorption coefficient, amin- is directly related
to 
N 
and can be easily shown to be
S
S -1
amin	 ( N
S
(4.4-97)
4.4.4.7 Limits on Resolution and Determination of Focal Length
The resolution of the interferometer is given by Equation
4.4-62, which shows that in order to achieve a better resolution
a larger displacement of the movable mirror must be made.
Typical resolutions of the order of 20 cm -1 can be achieved
easily. However, because of differing path lengths for rays
obliquely incident on the interferometer, the solid angle of
acceptance for a given resolution vvi (or conversely, the resolu-
tion for a given solid angle of the source) is limited by the
equation (Ref. 67) ,
4-105
D	 2
^r	 2 f (4.4-99)
C
d , T f
r	 D
(4.4-104)
The solid angle subtended at the orifice is
In order to realize the full aperture of the collecting mirror
and the resolution Gvi, Q r must be
2T Gv .i
^r S	 v	 (4.4-100)
Substituting Equation 4.4-99 into 4.4-100 results in
U
f	 2	 21r Lv I	
(4.4-101)
Sulecting Avi = 20 cm-1 and the largest wave number v = 5 x 103
cm- 1
 we obtain that
f _ 10 D	 (4.4-102)
Thus, the angle of rays incident on the interferometer is
P
r 
= D t 10 -1
 rad = 60
	
(4.4-103)
4.4.4.8 Orifice Size
In order to obtain a fine height resolution (i.e., !^h = 1 km),
an orifice 1/30 th on the diameter of the sun image is required.
The actual dimensions of the orifice is then determined by the
image size, which is proportional to the focal length as shown
by Equation 4.4-38. In order to be able to neglect diffraction
effects of the orifice, the orifice diameter should be many times
larger than the longest wavelength considered (e.g., 201t). The
angle of radiation due to diffraction effects is Vdr and this
should he equal to or smaller than Equation 4.4-103. Thus,
4-106
N _ V o
V
N
(4.4-106)
Noting that d r and f are related by Equation 4.4-39, that is,
d = 2 x 10 -4 f	 (4.4-105)
r
we must, in solving E - ,ation 4.4-105 for d r , make sure Equation
4.4-104 is satisfied. If Equation 4.4-104 cannot be satisfied,
it would be necessary to interpose a collimating lens between
the orifice and the interferometer.
4.4.4.9 Dynamic Range
In order to realize the signal-to-noise ratio (S/N) S cf the
recovered spectrum, the recording system must have a dynamic
range sufficiently large in order to contain the wide amplitude
variations of the interferogram. The dynamic range is defined
as the ratio,
where V(o) is the amplitude of the interferogram when all phase
paths are equal, and this corresponds to the maximum level on the
interferogram. VN is given by Equation 4.4-69 and V(o) is given
by
V 
V (o) = R
	
C(%) dv	 (4.4-107)
a
Substituting from Equation 4.4-51 for C(v),
2	 vb
V (o) _4 dr D	
R
	
E(v) dv
V
	 (4.4-108)
a
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rSince j  absence of absorp t ion we have the maximum value of V(o),
we shall solve Equation 4.4-1.08 for this case. Thus, repl icing
E (%)) with 2KCT, we obtain
2
V (o)	 = T1	 4 Tr f	 !t 2KCT (v b - va)	 (4.4-109)
Substituting Equations 4.4-1.09 and 4.4-69 into Equation 4.4-106,
we obtain
2
^l 114 dr f	
2KCT ( vb - va)
N	 NEP	 (4.4-110)
The dynamic range can be expressed simply in terms of (S /N) S in
absence of absorption by solving for C( %,o) in Equation 4.4-82.
Substituting this value into Equation 4.4-110 gives
S	 4	 (vb	 va)
N = P.!
	
S	 V `	 \/	 I
(4.4-111)
Thus, for a (S/N) S = 10 2  G b- v a )=5 x 10 3 cm-1, 
tNi 
=20 rm- 1
N z 5 x 10 3 	(4.4-112)
4.4.4.10 Determination of Signal-to-Noise Ratio
In order to have a signal-to-noise ratio (in the reduced
spectrum) that is sufficiently high (greater than 100), the col-
lecting mirror area must have a sufficiently large area. Accord-
ing to Equation 4.4-97 the minimum detectable absorption is pro-
portional to the inverse of the signal-to-noise ratio (S /N) S in
the reduced spectrum. Assuming that an 
"min 
of 10 -2 is desired,
a collecting mirror diameter D, which will result in a (S/N) S =
10 2 , must be computed.
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From Equation 4.4-81 we have for (SIN)S,
S	 V-2  C ( v ) !^ v D*	 Tm 'iii
N S	 4	
A 
11
where
d	 2
C(v)	 = 71 E(v)	 rr	 r D.
4	 1,	 f
(4.4-113)
(4.4-•114)
AV is the spectral width of an absorption line.
In ab--ence of absorption E( %,) is given by Equation 4.4-42,
E (v) o = dV = 2KCTv
Thus, in the absence of absorption,
2
SI	 _	 TTl 2KCT 
Lv	
R 
dr 
D	
D*	 TN j 	 4	 o A 11	 4 1	 f	 m	 (4.4-115)
where ro = Tji r is the overall efficiency.
For an assumed Sun temperature of T = 6 x 10 3
 oK,
2KCT = 6.6 x 10 -9 watts-cm	 (4.4-116)
Considering a the nnistor bolometer of area A = (2.5 x 10 -2 ) 2 cm 
and D* given by (Ref. 66 ) ,
D* = 8 x 10 8 cm(sec) 1/2/watt	 (4.4-117
Substituting Equations 4.4-116 and 4.4-117 into Equation
4.4-113 we obtain for T  = 1 sec.,
2d
S	 13. 2^ Tl
	
n	 r D	 Lv	 (4.4 -118)N S	 o	 4 T	 f
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Substituting Equation 4.4-39 into 4.4-118 and considering the
spectral line width AV to be equal to 	 20 cm- 1 , Equation
4.4-118 becomes	 1
N= 1. 6 (11.12) 2 x 10 5 (D/T) 2 Tl 	 (4.4-119)
S
Solving for (D/^),
1/2
(D/T) = 10 3 1	 S
4 rT 71
	
N
	
(4.4-120)
o	 S
For an assumed value of ( S /N) S = 10 2 and Tio = 10 -1 at T =
2 x 10 -3 cm,
D = 16 cm	 (4.4-121)
4.4.4.11 Recapitulation of Design Parameters
Below is a recapitulation of the design parameters of the IR
spectrometer necessary to achieve a (S /N) S = 102.
a. Mirror diameter (Equation 4.4-121)
D = 16 cm, Area = 5 x 102 Cm 
t). Mirror focal length (Equation 4.4-102)
f = 10 x D = 160 cm
C. Specific detectivity (bolometer) D*
D
*
 = 8 x 108 cm (sec) 1/2
watt
d. Detector area Ad
Ad = (2.5 x 10 -2 ) 2 cm 
l'	 e. orifice diameter d
r 
(Equation 4.4-39)
d = 2 x 10-4 x f= 3.2 x 10 -2 cm
r
r
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1f. Overall efficiency 0 = 10-1
g. Spectrometer resolution 
AV, 
= 20 cm i
h. Scan time T = 1 sec.
m
4.4.5 ULTRAVIOLET SPECTROSCOPY
4.4.5.1 Introduction
The main purpose of the ultraviolet experiment on Mors is to
identify and characterize constituents not possessing lines in
the infrared region (e.g., 02, N2, A Lnd Ne). Absorption of
ultraviolet solar radiation by the terrestrial atmosphere has
been observed with rockets and satellites !Ref. 68,60,70,71)•
However, in many of these measurements the attenuation of a
"known" Earth atmosphere is studied in order to deduce an unknown
solar radiation. In the present proposed experiment, on the
contrary, the characteristics of an unknown Martian atmosphere
are deduced from the absorption of the solar system, which is
measured just before the occultation process.
A difficulty of the method arises from tre fact that the
Sun's radiation at wavelengths shorter than 1500 X no longer has
the characteristics of a black body (as it does in the infrared
and visible region), but rather involves a spectrum of sharp
lines. For this reason, the envisaged aparatus consists of an
array of monochromators (having about 2 K band) to receive selec-
ted spots of the solar spectrum.
Another difficulty derives from the incomplete knowledge of
the ultraviolet absorption spectrum of most gases. While new ex-
perimental data are continuously being acquired, no band of the
ultraviolet atmospheric absorption range can be predicted with
satisfactory accuracy.
Finally, ultraviolet absorption takes place in regions where
the atmospheric constituents are not mixed uniformally, but, on
the contrary, are separated by photochemistry and gravitational
diffusive equilibrium. Iience, height profiles are, in general,
difficult to deduce.
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4.4.5.2 Ultraviolet Absorption Spectra
Observations of the terrestrial atmosphere during occulta-
tions of the O.SO III satellite have shown that solar radi-tion
at 304 R undergoes extinction for tangential altitudes of about
150 km (Ref. 8). At this altitude, the average number density
in the Earth's atmosphere is of the order of 10 10 cm- 3 . In view
of the fact that in this region of wavelength all gases display
a continuum of absorption with comparable cross-sections, we may
expect that extinction will occur in the Martian atmosphere for
a tangential altitude having a similar number density, i.e.,
about 90 km.
The absolute intensity of the Sun's radiation for the region
of ultraviolet of interest is presented in Table 4-7 (Ref. 72 ) .
The listed intensities of the various lines are relative to the
radiation of the whole solar disk, and represent time averaged
values. Their time variations, however, are small and may gen-
erally be considered constant within .5 .lb assuming a time in-
terval of several minutes.
An illustration of the ultraviolet absorption cross-.sections
of the most probable constituents in the upper atmosphere of
Mars is presented in Figures 4-4 1 through 4-46 (Ref . 73 , 75 ) .
As it has been already pointed out, the dstails of these cross-
sections are continuously revised by new experimental data. How-
ever, inspection of the figures justifies the choice of the band
1300-800 A for the exploration of the Martian atmosphere, since
this band is conveniently located between the absorption conti-
nuum of the considered gases and the intense black body radiation
of the Sun in the rear ultraviolet.
At the lower Martian altitudes (below 90 km), it is expected
that CO2 will cause the main absorption. Its spectrum, however,
.bows several "windows" in the 1300-800 R band. Above the tan-
gential height of 110 km, CO may bE,• ame a prevailing constituent,
together with oxygen (see Section 4.4.1). In all cases, since
H2 O and 03 are most probably confined near the p lanet's surface,
oxygen and nitrogen, if existing, should become distinguishable
in the upper atmosphere of Mars, through their characteristic
absorption spectra.
Noble gases, like Argon and Neon, which might exist in the
Martian atmosphere, offer no absorption lines in the 1500-800
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TABLE 4-7
INTENSITIES IN SOLAR XUV-SPECTRUM AT A DISTANCE OF 1 A.U.
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Note the strong resonance bands superimposed over
regions of continuous absorption.
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band (see Figure 4-46). For this reason a special detection
channel is provided, able to monitor the fie II, Ly cr (303.8)
line of the Sun, yielding 2.5 x 10 9 photon/cm 2 -sec at 1 a.u.
Inspection of the Figures 4-41 through 4-46 shows that all con-
stituents present comparable cross-sections at this frequency.
Thus, deduction of the existence and percentage of noble gases
may be obtained only after having acquired data of the other
components by use of the lower frequency band.
4.4.5.3 Absorption Criteria Over an Inhomogeneous Patti
The mean transmission over a spectral interval, 'v, for the
i th constituent may be expressed by
I i (I'M	 1	 L
	
T.	 _	 = I	 exp	 N. di dv
	
1	 I G' v)	 L v	 1^	 10 L. v	 j	 o
(4.4-122)
where
the molecular cross-section of the 1 t constituent corre-
1 ^ 	 sponding to the j th spectral line in the interval w (may
be assumed pressure and temperature independent)
Ni = molecular number density of the 1 t constituent
	
L	 = the total absorptive path length.
For the case of many constituents, the total transmission in
the spectral interval Lv is given by their product, namely,
In the proposed experiment, a number of ultraviolet channels
exist (e.g., 11) and each channel monitors different groups of
absorbing lines. Since there are more channels than the number
of expected constituents, redundant information gill be obtained
and applied to the subsequent synthesis problem. For each
channel, the received intensity I. (,A,v) is recorded aboard the
satellite at a time just before immersion of the ray path through
the atmosphere of Mars. During the penetration process, the
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output of each channel, TAv, is simultaneously recorded every
1/2 second. The observed data will be synthesized making use of
model matching techniques and the constituents, their densities,
and their respective profiles will be determined.
4.4.5.4 Comments on ][eight Resolution in the UV Ranee
Although the proposed receiving aperture (collimator) ob-
serves the total solar disk, the corresponding height resolution
is significantly more accurate than one might expect using simple
ray analysis. This is due to the fact that the bundle of rays
emerging from the upper limb of the Sun is absorbed less than
those coming from the lower limb (since these rays pass through
more dense atmospheric layers). The received effects of the
upper and lower limbs cancel resulting in air apparent received
intensity that essentially originates from the central region
of the solar disk. This assumption may be shown valid for an
isothermal atmosphere 4hen the altitude is significantly larger
than the scale height and the absorption is due to a single con-
stituent. The situation may change slightly when more than one
constituent is present, and the band considered involves many
lines. However, attenuation versus altitude plots obtained by
OSO III have offered for the Earth's atmosphere an altitude
accuracy of ±5 km, for altitudes around 200 km (Ref.. 8 ).
4.4.5.5 Design Criteria for the Ultraviolet :system
4.4.5.5.1 Introduction
Of the possible UV systems that have been flown on satellites
or rockets (e.g., the Ebert spectrometer, collimating orating
monochromators, concave grating spectrometers), the concave
grating spectrometer is here proposed because the OS O III satel-
lite experiment has demonstrated the advantages of monitoring the
ultraviolet absorption in fixed bands during occultation
(Ref. 8 ) .
The use of a concave grating with a "grazing incidence"
mounting has been flown aboard rockets (Ref. 70) and is suggested
here for examining the spectrum in the band 300-1300 R. The use
of grazing incidence for these short wavelengths with reduced
resolution can provide sufficient signal sc that a number of
spectral intervals within the band can be monitored continuously
as the satellite-Sun line of sight passes through the Martian
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atmosphere. In the following sections, we shall relate the
physical parameters of the spectrometer with the spectrographic
characteristics of the instrument.
4.4.5.5.2 Instrument Design
In Figure 4-47 the suggested [N spectrometer is presented.
A concave grating of radius Rg = 2 meters is considered and a
string of detectors, each with its own exit slit, are placed
along the indicated Rowland circle. No moving slits are en.
visaged and the resulting spectral observation will be made over
narrow wavelength intervals (:.g., n^, = 2 X) dispersed over the
band 300-1300 ^. The number of spectral intervals that can be
observed is determined by the number of detectors that can be
located along the Rowland circle. This, in turn, is a function
of the dispersing power of the grating.
From the grating formula we obtain that
^sin	 -- sin cr - m 	 (4.4-124)p
where
m = order of interference
p = distance between rulings
a = angle of incidence (Figure 4-47)
0 = angle of diffraction (Figure 4-47)
For )max = 1.3 x 10 3 X, we have the minimum J3 arid for Tmin =
8 x 10 2 R we have the maximum ,i denoted in Figure 4-47. We
desire to allow ,S = (i ll max - jimin) to be large so that many de-
tectors can be placed in this interval. A plot of iy3 as a
function of i3max is shown in Figure 4-48 for the case a = 860.
In order to keep the spectrometer pact (i.e., lateral width
small) ismax should be limited to angles near 60 0 . Assuming
13 max = 650 , 'min z 590 , the lateral width is
W = Rr sin (a - 13min)	 50 cm	 (4.4-125)
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d	 m dNP p cos (4.4-127)
7-
and the length L of the spectrometer is
L z 2Rr sin ((Y + PMin) = 2 meters
	 (4.4-126)
The angular width corresponding to a wavelength interval, dX, is
given by
The width of the exit slit for each detector is W S , where
WS = S dpi	 (4.4-128)
where S is the chord length depicted in Figure 4-47. Hence,
S = 2R  cos 0	 (4.4-129)
whe re
R
Rr = --CL = 10 2 cm	 (4.4-130)
where R = radius of curvature of grating.
g
Substituting the above into Equation 4.4-128,
14S = 2Rr 
m dX	 (4.4-131)
P
and the exit slit width normal to S is independent of R.
The ,^.lue of m/p can be computed from Equation 4.4-124.
Substituting 13 
max= 
650 into Equation 4.4-124,
m	 (sin a - sin 0 max ) 4
— _
z_
	
x 10
P	 Tmin
In .
4-125
(4.4-132)
Substituting Equation 4.4-132 into 4.4-131 gives
WS = 2.28 x 10 6 d 	 W, in cm)	 (4.4-133)
The niunber of detectors that can be placed along the interval is
determined by the width of the detectors, W d . This width, Wd,
will then determine the spacing, GT, of the resolution widths dT
in the band, where
W
C?N 
_ m 2R	 (4.4-134)
r
For the assumed values of p/m and R r , we have
GT = 44 Wd R	 (4.4-135)
where Wd is the detector width in cm.
4.4.5.5.3 Detector Considerations
The detector under consideration is a wind-,wless magnetic
photomultiplier developed by Wiley and Goodrich of the Bendix
Corporation and adopted to UV spectroscopy by Hinteregger et al.
(Ref.74 ). Because of the low sensitivity to long wavelength
radiation, it is not necessary to be concerned with stray light
in the near ultraviolet. The multipliers have quantum yields as
high as 10 -1
 at T = 800 X and at least 10 -2 at N - 1200 X. A
background count rate of less than 1 false count/sec can be
achieved (Ref. 74 ) . Multipliers with width W d of the order of 1
cm are presently available. Thus if W d = 1 cm,
G, = 44 R
	
(4.4-136)
Hence, in the spectral band 1300-800 R at least 10 channels can
be monitored.
The 303.8 X line may be located (for the assumed m/p =
	
1.14 x 10 4 ) at a diffraction angle 	 740 along the Rowland
circle.
C
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It may be noted that using the data of Hall et al. (Ref. 70),
a signal-to-noise ratio of 10 2
 may be deduced at the detector
output for an incident photon rate in the Martian atmosphere of
108/sec-cm2 (Ref. 72).
4.4.6 PHYSICAL PARAMETERS OF THE IR AND UV INSTRUMENTATION
4.4.6.1 IR Equipment
The physical parameters of the IR interferometer system are:
Volume
Weight
Collecting
Mirror Area
Power
15 cm x 15 cm x 45 cm
9 kg
500 cm 
15 W
4,4.6.2 UV Equipment
The physical parameters of the UV spectrometer system are:
Volume	 50 cm x 20 cm x 10 cm
Weight	 4.5 kg
Power	 15 W
4.4.6.3 Interface and Pointing Requirements
For the IR experiment, the hole should be pointing at the
center of the Sun with a pointing accuracy of ±1 minute. This
will locate the hole over a region within five solar degrees from
the center part of the Sur..
In the UV experiment, the slit should pass through the cent:-al
part of the Sun with an accuracy of ±l minute.
4.4.6.4 Telemetry Requirements
The rate of storage for both the IR and UV systems are respec-
tively 2 x 104 and 5 x 103 bits/sec. The equipment should begin
to store when the minimum altitude of the ray path is 300 km from
Mars and should turn off after occultation when the minimum ray
path altitude reaches that same distance. A maximum total storage
capacity of 3.5 megabits per occultation is therefore required,
inclusive of both the IR and UV experiments.
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4.5 BANDPASS RADIOMETRIC EXPERIMENTS
4.5.1 OUTLINE
The purpose of this experiment is twofold:
a. To measure the temperature of the Martian surface by
a measurement of the spectral radiance of upwelling radiation
with	 to 12 1
 window of the assumed Martian atmosphere.
b. To measure the vertical temperature profile by simi-
lar radiance measurements on the long wavelengi_r side of the 15^L
CO2 emission band.
4.5.1.1 Surface Radiometry
4..').1.1.1 General
Temperature-sensitive remote sensors generally operate at
either microwave or infrared wavelengths, and consideration to
both regions of the electromagnetic spectrum has been given for
possible use on the Martian mission. However, weight, power,
spatial resolution, and orbital constraints make a microwave ex-
periment infeasible at this time and attention has been directed
toward defining an infrared experiment to provide information on
the surface temperature of Mars.
It is useful to review in more detail the reasons behind this
choice. The microwave emission from a solid surface is given by
the product of the surface emissivity and the surface temperature;
therefore a single observation will not determine either quantity.
However, as shown in Figure 4-49 , the emissivity is dependent on
the polarization of the emitted radiation and the angle of inci-
dence, thus measurements made at different polarizations or angles
of incidence enable the separation of emissivity and surface tem-
perature. For exam ple, a measurement made at normal incidence
(incidence angle zero degrees) will give, after correcting for
antenna pattern effects,
T  ( 0 ) = en Ts,
where Ts is the surface temperature, `n is the emissivity for nor-
mal incidence, and Tb is the microwave brightness temperature,
A second measurement, made at some incidence angle i, will give
T 	 (i) = e (i) Ts
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where e(i) is the emissivity for incidence angle i and for the
particular polarization used for the measurement. The ratio of
Tb(0)/Tb(i) is independent of the surface temperature and will
serve to determine the real part of the dielectric constant of
the surface material. with the dielectric constant determined
in this manner, the normal-incidence emissivity can be computed
and the surface temperature determined from Tb(0).
The method outlined above assumes that the Martian surface
can be regarded as a smooth, dielectric sphere. This assumption
will undoubtedly introduce errors into the results, but ground-
based radar observations of Mars indicate that the planet may be
generally regarded as smooth for wavelengths of 10 cm and longer.
The effects of surface roughness can only be estimated by assum-
ing a statistical model of roughness.
Note from Figure 4-49 that for polarization parallel to the
plane of incidence, an angle of incidence can be found for which
the emissivity is unity. This is the well-known Brewster Angle.
If observations could be made at this angle, one measurement would
serve to determine the surface temperature. However, the Brewster
Angle cannot be specified in advance because it is a function of
the dielectric constant. This is also shown in Figure 4-49 where
curves are presented for both dry and wet soil.
Although the microwave observations discussed above would be
of value for a spacecraft orbiting a planet at a fixed distance
from the center of the planet, the experiment becomes quite un-
attractive for the case where the planet-vehicle distance changes
by an order of magnitude, or more, during one orbit. This arises
because of the necessity to know, and maintain, a given angle of
incidence on the planetary surface. This can be seen by referring
to he geometry of Figure 4-50 . The antenna pointing angle 0
is related to the planetary radius ro and the planet-vehicle dis-
tance r by the equation
sin i = (r/r0 ) sin 0
where i_ is the angle of incidence. If r is a function of time,
and is to be kept constant, then BPS mus t. be
 programmed to change
as the vehicle orbits the planet. Furtrermore, as (r/ro) becomes
large, the finite antenna resolution of the microwave antenna will
result in a large "smearing" of incident angles, and a resultant
loss of accuracy in the observations. It can be easily shown
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Figure 4-50 Geometry of the Radiometric Measurements
that if iB is the antenna beamwidth, then the range of incident
angles included in the antenna beam is given by
Ai = (r/r o ) (cos p( / cos i) 9B.
When r/ro is large, this smearing can be so large as to destroy
the usefulness of the experiment. If one envisions an operating
wavelength of 10 cm and an antenna diameter of 2 m, then a beam-
width of approximately 4 degrees results. However, when r = 7 ro,
which represents the extreme of the voyager orbit, then ciao beam-
width will integrate, or include, a range of incident angles of
approximately 50 degrees. Clearly it is impossible to speak of
a unique angle of incidence and the experiment becomes meaningless.
It is for this reason that the microwave experiment has not been
considered in further detail as a possible Voyager experiment.
These considerations would apply in general for the experimental
set-up outlined here as long as highly elliptical orbits are pro-
posed.
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Also for the infrared radiation the emission from a thermal
sourc depends on the emissivity of the surface and the tempera-
ture of the emitter. As this experiment will measure only the
total emitted radiation, absolute temperatures will not be ob-
tained. Surface temperatures may be estimated by making reason-
able assumptions about the surface emissivity. Because of the
nonlinearities of the Planck radiation law, surface emissivities
estimated to an accuracy of five percent will enable a tempera-
ture determination accurate to one or two percent.
Ground-based infrared observations of Mars and the results
of the Mariner 4 Experiments indicate that the Martian atmosphere
should be highly transparent to infrared wavelengths as long as
the vibration-rotation bands of CO2 are avoided. Therefore, the
sensor will respond to surface emission, except when the sensor
views Martian clouds.
4.5.1.1.2 Experiment Definition
The experiment has been defined on the assumptions that the
spacecraft-planet distance varies from 1000 to 20,000 km, the
velocity of the subvoyager point on the surface is 4 km/sec at
the distance of closest approach, and that a television camera
will be trained on the planet throughout the useful life of the
infrared radiometer experiment.
The experiment consists of an infrared radiometer operating
in the wavelength band 8 to 10.5 microns, bore-sighted along the
axis of the television camera, weighing approximately 0.5 pounds,
and consuming 2.5 watts. Spatial resolution on the surface of
the planet will be approximately 2 x 3 km at the distance of
closest approach, assuming an integration time of 0.6 seconds.
Temperature sensitivity should be approximately 2 OK. Telemetry
requirements are one 8-bit word every 0.6 seconds. Provisions
must be made for calibration of the radiometer. This can be ac-
complished conveniently by (1) viewing a small ob3ect of known
temperature and emissivity, and (2) viewing cold space. Both
can be done by utilizing a small, movable mirror that periodi-
cally directs the beam to view the two calibrators.
The experiment should operate continuously. In the event
that the spacecraft television is not operated continuously, then
consideration should be given to decoupling the two instruments
and having the infrared radiometer view the subvoyager point at
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all times. However, the correlation between the output of the
television camera and the infrared radiometer will provide valua-
ble information on the thermal properties of the surface. Also,
the TV camera will serve to define cloud conditions in the field
of view of the infrared radiometer. Correlation of the tempera-
tures of the clouds with a temperature profile, independently
determined, will provide an estimate of the height of the clouds.
4.5.1.2 Atmospheric Radiometry
A spectroscopic technique for the remote sensing of atmospheric
temperature and its variations with altitude has been suggested by
Kaplan, (Ref. 76 ) developed in a simplified form by Wark (Ref. 77)
and has been used in experiments on the earth's atmosphere.
The basis of the technique is that, when examined from above
a planetary atmosphere, the upwelling radiation in an optically
dense spectral region originates at an altitude determined by its
spectral position. The greater the optical density at the spec-
tral point, the mere likely that the corresponding radiation ori-
ginates high in the atmosphere. Given a model of the atmosphere,
u weighting function can be derived for each of a set of spectral
regions in a molecular emission-absorption band to indicate the
relative contribution to the total flux, of radiation coming from
points at various altitudes.
By athematical inversion, the atmospheric temperature profile
can be recovered to a degree depending on the number and accuracy
of the spectral soundings made. The ambiguity inherent in this
inversion is removed by foreknowledge of the expected temperature
profile. In our case, it can be measured independently during
occultation by use of absorption spectroscopy. Applyinq this
technique to the emission in the 15,, band of CO2 for the Martian
atmosphere, we would choose, by the use of fixed interference
filters, six to eight spectral channels on the short wavelength
side of the band. A suitable choice would be at 780, 770, 760,
740, 73o, 700 and 680 cm- 1 each with a 5 cm-1 spectral bandpass.
This part of the band should be free of the interference from
other atmospheric constituents unless NO2 is present in much
greater concentration than expected.
An experiment of this nature has been proposed by Hanel and
Chaney (Ref. 78) using an interferometric spectrometer of the
type considered for our own absorption spectral studies. We be-
lieve, however, that given the presence of a downward looking
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radiometez, it becomes a simple matter to introduce additional
filters and detectors to provide the atmospheric temperature
scanning capability (Figure 4-51 ). The same objective and
chopping optics would be used for both types of radiometry to
give a capability of obtaining simultaneously a high resolution
net of the temperature of the planet's surface and of the atmos-
phere directly above it. Calibration of the thermistor detectors
and optics can be done in the same way as for the 8 - 101i radio-
meter. The final design would have to depend on the weight and
power available, but if we assume that each channel has its own
detector and amplifier, the additional weighs would be approx-
imately 0.25 Kg and the additional power approximately 7.5 watts.
The projected data rate is six to eight 10-bit words every
second when in use.
The simplicity of this technique is purchased at the price
of insensitivity to small-scale variations of the temperature
profile as well as a possible major error if the prior model pro-
file is incorrect in form. The measurement of transmission dur-
ing occultation will remove this possibility. These measurements
will allow the diurnal variation of the atmospheric temperature
profile to be measured and correlated with the UV and IR leaking
of the atmosphere.
4.5.2 EQT'IPMENT DESCRIPTION - SUMMARY
Total Weight	 0.5 Kg
Size	 15 cm x 15 cm x 30 cm
Power Consumption 10 watts
4.5.3 POINTING REQUIREMENT - SUMMARY
Either directed to subvoyager point at all times or boresighted
with television system.
4.5.4 TELEMETRY REQUIREMENTS
Data acquisition rate maximum of 9, 10 bit-words per second.
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4.5.5 COMMAND FUNCTIONS
o	 On/off control of entire instrument
o	 Possible switch to TV alignment or to subsatellite
point
o	 Switching between calibrate positions and viewing
positions
4.6 SUMMITRY OF WEIGHT, VOLUME AND PRIMARY POWER REQUIREMENTS
FOR OVERALL EXPERIMENT SYSTEM
Table 4-8 summarizes the weight, volume, and primary power
requirements for the overall system, inclusive of telemetry and
command functions.
It is assumed that primary power is provided by the spacecraft
and that the same applies to the basic t-lemetry and to the com-
mand subsystems.
TABLE 4-8
SUMMARY OF WEIGHT, VOLUME, AND PRIMARY POWER
REQUIREMENTS FOR THE OVERALL EXPERIMENT SYSTEM
Power Weight Volume
(W ) (Ky ) (m3)
Refractivity Experiment	 (M&D) 55 17.8 0.22
(67) *
Radiometric Experiment 10 0.5 0.0675
Spectrometric Experiment 32 13.50 0.025
GRAND TOTAL 97 32 0.0633
(109)
*Power consumption of 55W is for Daughter, 67W is for Mother.
Although each orbiter (for redundancy reasons) contains both
mother and daughter payloads, only one is energized when the
system at each terminal operates.
F,
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5. DATA REDUCTION REQI1I9EMENTS
5.1 REFRACTIVITY DATA PROCESSING
5.1.1 COLLECTING EXPERIMENT DATA
To simulate the experiment, rays were traced using a three-
dimensional double precision ray tracing computer program that
incorporated the models of electron density, pressure, and
temperature previously described, (subsection 4.3.3). Atmo-
spheric and ionospheric effects were introduced to the index of
refraction in the following manner.
µi - i	 µL - 1
1 + L ( ^--- + L
	 )
L	 µi +	 µ :1 + Zµ =
µi - 1	 µL - 1
1 -	 ( L	 +	 )
µ i + L
	 µ	 + .:
where 4 is the combined index of refraction, µ I is the'ionospheric
index of refraction:
2 _	 _	 N
l	 12400 f
and ^,A is the atmospheric index of refraction:
4A = 1 + CAA T
N is the electron density in electrons/cc
f is the frequency in mHz
P is the pressure in dynes/cm2
T is the temperature in °K
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C is the atmospheric coefficient of refractivity
A in *v cm2/dyne
For varying frequencies, longitudes and gradients, tables
are constructed that give the height of transmitter, lonrit:.de of
transmitter, height of receiver, longitudQ of receiver, and
phase delay in cycles on transmission between two points. These
are the real data we expect from the experiment and the basic
inputs needed for our data reduction programs.
5.1.2 DATA REDUCTION
The first problem in data reduction is to establish tables
of satelli^e position versus phase delay.
Once these tables have been set up, they must be further
broken down so that each 1 km x 300 km x 300 km cell now has
five numbers associated with it: transmitter height and angle,
receiver height and angle, and phase delay.
These data will be reduced in one of four ways, depending
on the iharp-,ess of the gradients and the degree of bending of
the ra_	 This can be determined once the experiment has been
performed by the values of phase delay for a given frequency
and the variation from cell to cell. Table 5-1 below tells which
data reduction method will be used for bending and gradient
conditions.
TABLE 5-1
DATA REDUCTION METHODS
Straight path
OMild Gradients Abel transform along
a single vertical
rof ile
Sharp Gradients 3 Abel transform along
many verticals simul-
taneously
Appreciable
bending
32 Model matching
along a single
vertical profile
Model matching
a 1 o.ig many ver-
ticals simul-
taneously
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Methods 1 and 2 both start from a table of transmitter and
receiver positions versus phase delay. With the Abel transform
technique, it is assumed that the transmission is along a
straight line and the minimum height reached is that ha_t by the
straight line connecting the transmitter and receiver. A
refractivity profile is uniquely determined in straight line
segments. With the model matching technique, a ray is traced
through the refractivity profile that is being constructed by
trial and error, an angle of take off and a refractivity slope are
found that cause the ray to reach the receiver with the correct
phase delay. In this case, the values are not uniquely determined
but are a function of built-in tolerances. This method is more
costly in computer time than the Abel transform technique.
Methods 3 and 4 generate profiles along many verticals
simultaneously, filling all profiles down to a given height before
the next height is attempted. In this way horizontal gradients
can be accounted for.
r
Results with methods
case the results can be
cent with a spacing of 1
are found to be within 5
5 km or greater. Figure
and E = 600 Mliz .
1 and 2
obtained
km. In
percent
5-1 and
have show
to within
the model
even when
5-2 show
n that for the 2000 MFiz
an accuracy of 5 per-
matching case, results
points are taken every
results for f = 2000 MHz
Results of method number 3 are reported in Figures 5-3 and
5-5 , and the steepness of the modeled horizontal gradients are
shown in Fic3ures 5-4 and 5-6 respectively. Figure 5-4 is a model
of greater steepness than any expected on Mars, while Figure 5-6
is the maximum gradient that is realistically expected; i.e., Nmax
down from 90 percent to 10 percent in 1 hour longitude span.
For the recovered profiles in Figure 5-3 , the average errors
amount to 43 percent fc,r the Point A profile, 7 percent for the
Point B profile, and 15 percent for the Point C profile. For the
profiles in Figure 5-5,the a%,erage errors amount to 31 percent
for the Point A profile, 7 percent for the Point B profile, and
7 percent for the Point C profile. The 7 percent average error
should be improved considerably when model matching is er.tployed,
since ray bending does account for errors of this magnitude.
The 31 percent error also can be improved upon by model matching,
possibly to bring the error below the 5 percent mark. Method
number 4 also has been computerized, although calculation examples
are not presented here.
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Once the refractivity profiles have been determined for two
frequencies, they can be separated into dispersive and non-dispersive
effects, giving the atmospheric (4 A ) and the ionospheric (^:I)
indi: :!s of refraction. In the absence of magnetic field, ji I gives
a dir^:ct measurement of the electron density. On the other hand,
uA is of limited use unless we know at least the constituents of
the atmosphere and their percentages.
5.1.2.1 Abel Transform Reduction Along A Single Vertical
The observable quantities are transmitter and rece-.ver positions
versus differential phase delay. These will be converted to tables
of path offset from the surface of the planet versus differential
phase delay in cycles,^.O.
00	 00	 1	 I	 0C
^w =
	
<< (r) ds - \	 ds	 - ^-^TT^	 `	 ( 1 - u (r)) (Is
-00	 J
 -00	 I	 I ` -00
14here f = frequency in MHz and s = path length in km
This integral is a function of the distance of the ray from
the center of the planet at the point of its closest approach to
the planet's surface. By changing variables, we can write:
^^ (P) _ ^^	 (1 - µ (r))r dr _ - Zf x 10	 r
	
S	 J
	
P	 r -Z	 )Z	 P	
rZ-1)
1
Where r, f), and s are defined
refractivity in N-units.
Applying the Abel Transf
3 x 10-5
n 
f r2
by Figure	 5-7	 and N (r) is the
ormation, we obtain
00	 2
('	 i^^^ (^^) + P ^' (^') do
r	
_2 - 
^'
r2
If we now normalize with respect to R o = planet radius, this becomes
N r	 - _ ? x 1 05	
f 00 
P-V 0)) + i-^
	 dP
7 f r Ra	 r	 P2 _r2
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r
S	 r 2 S 2 + P 2
r d 
	
P	 ds=-
r2_P2
Figure 5-7 Probing Link Geometry
If we consider A10(p) as straight lines between input data
points then
	
04) (')) = a i 1 1 , + a i 2	 where r i < p 
< ri+l
and
_ 6' ^i + 1	 `^ `^i
	
ai ' 1	 ri+ 1	 r 
	
ai ,
 2	 = A4 - r  a i 1
A,' (P) = ait 1
and	 p Ob (P) + P 2 J(^' (P) = 2a i 1 p 2 + a i 2 p
then,
	
N (r) = C	
rm 
P N
	
+ P2 e'^' (12) d S
	
r	 2	 2p - r
n-1	 r i+1	 2
	
+	 f	 PA4) (r)) +	 AO' (P) dPJ
i --m r.	 pT - r2i
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r
	 r n1 2 - r21
r
n-1
+ am-1, L	 rm2 - r" +
	
ai 1 ri +1
i=m
L	 2
N (r) = C 
am-1, 1 rm	
rmL - r
2 + r2 loge
L	 L	 2	 2r i+1 -r -r i 	ri-r
Where
	 rm-1<r<rm
and
C = - 3 x 105
7T f r R0
or
	
N (r• ) = C
	 dp
Yr
rm 2a
-,
P"+ p a m-
 L	 2p - r
n-1	
ri+1 ta i
 1 /^2 + pai 
2
	
+ 	
,
	 do
i=m r.
	 p L - r Li
This is easily integrated to give N (r) directly as a function
of AO.1
c
2	 ri+ 1+	 r i+ 1 - r+ r loge	 + air L
	
r?+1 - r2 -
 f2 - r 2	 ft
.r + Tr? - r L	 J
5.1.2.2 Model Matching Along A Single Vertical Profile
This program reconstructs a profile of NI, the refractivity
in N-units, versus h, the height above the planet surface, given
Aq), the phase delay in cycles, for many positions3 of the two
orbiting satellites - one a transmitter, the other a receiver.
We assume the data points we have gathered are so spaced that
the minimum points of their line of sight are along a vertical.
It is along this vertical that we will determine the index of
refraction. We must also arrange the coordinates of the input
positions of the satellites so that we may work in a plane. We
then have an input table.
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rR
Where n'P is the phase delay in cycles, rT is the distance to the
transmitting satellite from the center of the planet, b T is an
angle of the transmitting satellite along the great circle
connecting the transmitter and receiver, r R is the distance to
the receiving satellite from the center of the planet, and OR
is the angle of the receiving satellite along the great circle
connecting the transmitter and receiver.
We trace a ray from transmitter to receiver, assuming at
first this will be a straight line. If a o is the angle from the
radial direction of the transmitter to the line of sight between
the two satellites, we compute ce0 as follows:
i	 r T sin (0 T - R)1
a	 = n - si  
.1. R
	
J
Where
1 1/^TR =	 rT2 + r R 2 - 2r T r R
 cos (6 T - R)1
We stop our integration at r = r R and here 0 = OF
we are satisfied that the path isIf (O F - $ R ) rR `- 1,
s,ifficiently close to the path actually traveled and we go on to
check AO. If this condition is not satisfied, we must adjust
a and try again.
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^7	 -
Solving for the Correct a:
Suppo e the situation is given by Figure 5-8. We want to
rotate the curve T O' F about T so that if we extended O'F it
would pass through R., Call this ankle of rotation
	 To find ti,
we m>>st find TO" R = TO'F and the T R 0". The information we have
to L-his point is rT, 4T, r R , 4 R , rF, q)F, and TR. The angle T O' F
is obtained as follows:
r 
	
+ rFZ - Lr T.r F cos (b T, 
-
OF)
A
-1	 7' + r T . ` - 
rFL
F i O = cos
LrT. TF
Because the ray can be bent outward or inward, we must consider
two cases. The difference in the argument is strictly in the sic}
of a few terms. For the duratioi of the argument, whenever two
sigps appear, the upper sign will refer to the case where (7 - ^)
'- FTO, and the lower sign will be used when (^-
	 ) < FTO.
A
T, = t (r - a -	 FTO)
TFO = r - r- IMF -¢T.I
A
X - t (aF -	 TFO)
A
TO'F = 7r
From this triangle we can also find TO' as follows
TO' = TF
	
s in ^
	 TO"
sin (TO'F)
ro'Then TRO" = sin 1 _ sin ( TO'F)
TR
C
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slow
RFigure 5- b Geometry of the Mother/ Daughter Ray
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Then
A
tr -	 TRO'' - TO'F
And
a is correctccl as follows
a = ao + J3.
This procedure is repeated if this a does not bring the point
F sufficiently close to R. In no case, however, is it repeated
more than 6 times. We then go on to test our AO for closeness
to the inputed ^)¢; .
Computing AO:
As the ray is traced from the point T to the point F, the
phase path length hp is computed.
The phase delay in km = h p - TF
h - TF
or in cycles AO -	 h	 fC	 U.3
Where f is the frequency in MIIz.
We must now compare A(P c with AO from our input table. Let
AO i be our current value from the input table and AY i_ 1 be the
previous value in the input table. Then we regard n(Pc as suffic-
iently close to AO if
< 0. 01 . If th_ s condition is satisfied we-
A0 i - 1
accept this portion of the refractivity profile and go on to the
next entry. If the condition is not satisfied we must vary ?Ni
in the refractivity model.
Refractivity Model:
The refractivity profile we are trying to construct will have
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the following form
N	 i (h - I^ 
i- 1)	
+	 1	 h^ r^ li : _ h	 lei- I
i
and N is the refractivity in N-units
The index of refraction, µ, is given by
it = 1 + N x 10-6'
h, = height of satellites
i
= refractivity at the satellite position z -.001 for
c 1 1000 km.
N, is varied until AY for a ray massing between the
two sat-^llites Imatches 1,4 given by the experiment. The h2 is
taken as the minimum point in the transmission link, ?,
	 _
( h2 - h l ) + c
	
and we look for ^\ 2 using the next set c 2	 1
1
of satellite positions and trying to match the next value of tip.
Finding i
The first , 1,1, is a guess given by the input. We trace a
ray with 1, 1 and if .' q)c does not meet the accuracy condition, we
adjust N, by the following scheme. Let '1	 ?,1
If ae.)	 ^• ^^	 ,1 	 I,'All
We also save 'N
1 , 
.',1 c , and ,r
Call them 	 c, and `r 1
Now we trace a ray pith 1 = ?,2 adjusting a as necessary. If
NP 2 does not match our accuracy condition, we interpolate to
find i,3 and a 3 as follows
A4) - Ao C	 i
•,	 ll
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and
1 A - Ad)
C 1
a 3 = a l +	 J(:	 - -^ (:	 (a te - o f
cl	
`1
and we trace another ray.
We have found that a linear interpolation is preferable to
higher order interpolations in most cases, .3ince higher order
interpolations lead to nonphysical answers. In the third and
successive iterations we use the following approach. Set up a
table of values in ascending order of - - p so we have a table that
looks like:
1 p<:> n
^ 1 '^`:'	 1 a 1
a 3 .^^^ '3 a 3
Where - ''
	 2 <' T,3
We do a linear interpolation with the following points.
IfI 4	 wl I 	 I ^0^ 3'
	
we interpolate using 'Q and .02
Unless
(1) .'YJ was the last value computed. In this case we would use
'9 and ' p ; unless ( 4 .(?2 - 'Y) and	 are of opposite
signs in which case we would use >1 and	 3.
or
(2) (	 i - ' (?) and (.'	 - '.9) are the same sign in which case we
use `W2 and .'9'
I fI v	 o f I l I	 'I I	 we interpolate using ^2 and 4'3
Unless:
(1) 'OO
1 
was the last value computed. In this case we would use
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Aq '	 and AY'	 unless (n(P'	 - 0) and	 (n^' - nq)	 are of opposite
sign in which case we would use M)
	
and ,1$3
or
( 2 )	 ('\ (I) 2' - ^.^) and (Aq)
would use A(P! and ^q) 2.
are the same sign in which case we
Tracinq a Ray:
To trace a ray, we are given rT, (PT,,
	
cr and we use Haselgrove's
equations in two dimensions to find r, $, y  and yq where y r
 and
Y(p are the direction cosines in the r and q)
 
directions respectively.
Phase path length, hp , is the independent variable.
yr
2
Y(J)
r fi
Where ^.i is the index of refraction.
Initially r = r(0 = Y , y = Ii cos tr, and y = j sin it .
y and y are further constrained by Tthe rcondition y. + y 2 ^= ^^ r	 10	 r	 9
From this we obtain r p , ^^,, hp , and 	 where
F 	 -1 ( y r )0, cos -O S
5.1.2.3 libel Transform !lone Many Verticals Simultaneously
This Abel transform program, which takes account of the
horizontal gradients in the refractivity, uses the same basic
approach of the program described in Section 5.1.2 .1; Y .At a i ' l and
ai .2 must now be generated in a different manner, taking account
of the value of I', the longitude at which the path intersects a
layer, as well as r, the offset distance. The input becomes a
series of tables of the type shown in Section 5.1.2.2 where such
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a table must be read in for each value of 0. where 0c is the
longitude at which the path come closest to the planet surface.
The order in which the N(r i , 0 j ) is generated is as follows.
All N(ri, O j ), j = 1, N are found where r l > r2 ^	 . > rN
This is not necessary for the Abel transform, but is used 	
'2
for input compatibility with the model matching techniques.
Briefly, what the method does is keep track of where a straight
line intersects the spherical shells. We then interpolate between
values of ^.0 on the shell. The interpolated values are then used
to solve the problem as if these values were for a spherically
symmetric model. This means we must solve the problem separately
for going in and cat. Figure 5-9 will help to demonstrate this.
If we are solving for the value of refractivity at point E,
we procede as follows:
Find
U	 - 0
Z	 1
A6 R - A(^ ( r L 1 (' I ) +
Oq) C - A('' ( 1' 3' O 3 ) +
f1	 - U
^i f	 -	 O	 (0^:^ (r 30 O 3 ) - ,fir!, (r 3,
3
etc.
We then use 1(^A , l. q) B , . . . , "^ E to solve one half of the path, as
in Section 5.1.2.1, and ' q) E , ,Al( , ,	 , -^0 T to solve the other
half of the path. We thereby oEtain N (rF,, 4).
The following algorithm describes the method in detail.
e4
Figure 5- 9 Geometry of the Profile Inversion along
Many Vertices Simultaneously by Abel
Transform
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for i =	 1, 2, . . . . , n 
for J = I, L, . .	 , n0
X t ( i , J)	 = R  ( i , J) sin 0 t ( i , 1)
y t (i, J) =	 R t (, J) cos n t ( l ,	 D
X r Of . ) =	 R r ( 1 , J) sin 0 r
	
(^,	 l)
y r,	 ( i , J) = R  ( i , J) cos 0 r	 ( i ,	 J)
C
Y t	 ( i ,	 J)	 -	 Y r,	 ( i ,	 J)
=
X t 	 r ,	 J	 - X r,	 r , J^
Rnirn ( i , J) = R t ( 1 , J) cos
Rmin 0, J)
P ( i s J)
U
T ( r , J)	 -	 _ 0.3 11th (1, J)
T L	 = 0
R  ( i ,	 i)
L R
0
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for k
A
B
c
1, 2,	 .	 .	 .	 .	 , i - I
R
III111 (k, M i + cl)
2 C Rmin ( k , j )(Y r ( i , D - C x  ( i , j))
_ (Y r ( i , J) - C X r ( i ,
 j )) 2 -
 Rmin 2 (k, J)
0	 = in - I	 - B -	 B 2 - 4 AC
Find I such that
0 c U) < p < p c y + 1)
p - 0	 (.Q )
T N	 = T (k, .Q) + p	 C	 - r^	
(% (k, .E + 1) - r (k, F ))
	
c	 c,
PN	 = P (k, f ) + 0+ C p ^^ (P ( k , f + 1) - p ( k , f ))C	 C
T L - TN
al	
')L pN
a 2	 =	 TN - a I 0 
SIMI	 =	 stirs, +	 It  pL^ 
AIL
0	 j ) - nNA/ON2 	 N 2 ( i , J)
L PL  J)
+ p ( i , j )
	I " v c ---- --
1-1 +
pN 	
- p2 ( i ,	 j)
+ a 2 j )	 -	 l^N2	 - p2 (1,	 j))L2 - p2 ( i ,
L	 "N
T L	 =	 TN
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T L - T ( i , j)
a1	
PL - P 1 , J)
a 2	 =	 (i, J) - a 1 ^^ 0, J)
suns	 = S 1111 + a l PL PLZ - P L G i)
+ Vf 1	 2 (i, j)
+ l)	 (i, j) logC `
	
P U, J
+ a2VP L
2
 - P 2 ( i , j)
T L	 = 0
R 	 ( i , J)
PL 	 -	 R
for k =	 1, 2, 3, . . . . ,
Rmin2 ( k , J)( 1 + C2)
B	 = 2C Rmin ( k ,
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C	 = ( Y r 0, J) - C Xr G, J)) 2
 - R min 2 (k , J)
0	 = sill
- 1 - B+ B _4AC
I
Find I such that
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T N	 = T (1:, l') + 0	 .Q -+-	 - 0	 ( T ( k , .f? + 1) - T ( k , f ))
	
C	 C
P N	 P (k , 
	+ 0
	
+	 - 0
	
.Q (P (k, Q + 1) - P ( k ,	 ))
	
C	 C
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5.1.2.4 Model Matching alone Many Verticals Simultaneously
This method uses the same input as the Abel transform tech-
nique (subsection 5.1.2.3) and solves for the refractivity in the
same sequence (i.e., all angles for one height working from the
greatest height to the planet surface). In this case, we construct-
a two-dimensional grid of refractivity, and the ray tracing is
done using interpolated values from this grid. The elevation angle
of the ray and the vertical slope of the refractivity will be found
in the same :Wanner described in subsection 5.1.2.2.
5.2 SPECTROSCOPIC DATA PROCESSING
As the ray path moves through the atmosphere of Mars, incident
radiation at frequencies in both the IR and UV become absorbed
in varying degrees depending upon the relative line strengths.
(We assume that conditions are such that the radiation emanating
from the localized regions of the sun under surveillance during
the period of occultation remains substantially the same).
The raw data that will be extracted from the satellite storage
are the transmissivity values at frequency inte-vals in the IR
and UV ---gions as a function of satellite e location. This can
be reduced to the transmissivity values as a functior of the
different ray paths defined by the minimum altitudes of these
paths wit:^ Mars. The ray path bend can be obtained by the re-
fractivity measurements.
A technique exists by which the resulting transmissivity due
to absorption and its Nate of change with frequency may be re-
lated to tabulated homogeneous parameters. A system of N
simultaneous equations with N unknowns may be arrived at and
solved using a high speed digital computer. The solutions of
these equations lead to altitude profiles of constituents, density,
pressure, and temperature.
5.3 RADIOMETRIC DATA PROCESSING
Position of the spacecraft and look angles toward :e surface
will be correlated to radiometric raw data.
Correcticns will be applied to the data from the two cali-
brations performed periodically during the mission. This is
achieved by comparing the readov;. values when the radiometer looks
at the small target on board the Orbiter (of known temperature
and emissivity) with the expected temperature reading; comparison
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will also be made of the readout values when the radiometer looks
toward free space with the expected temperatures.
Correlation between the radiometric- data and the TV camera
output will be performed in order to gain insight into the
thermal properties of the surface and for cloud studies.
0
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6. CONC I-USIONS AND RECOMMENDATION'-i
`Pile study reported here lias provided the preliminary proof of
the feasibility and practicality of unambiguously probing the at-
mosphere and ionosphere of Mars from a dual-orbiter platform.
Ir, principle, the method is capable of mapping three-dimen-
sionally the ionized C-,nd neutral atmosphere of the p'anot at all
longitudes and latitudes, of performing repetitive measuremt!nts ii,
each resolution cell, of describing accur:.l'--cly horizontal gradients
of realistic steepness.
However, if from one standpoint, the study has resolved various
issues that were interrogative marks at the beginning, it has
pointed cut, from another standpoint, new areas o1 concern that re-
quire further .analysis and experimentation.
In particular, the following poin`s deserving additional study
are worth mentioning:
1. A minimization of the lock-in time of the phase-
sensitive refractivity link at emersion from occultation would en-
hance the ability of the system of probing the lower layers of the
atmosphere. A lock-in time on the order of 0.1 second would be
highly desirable, owing to the high speed (on the order of a few
km/sec) that characterizes the sweepin g
 through the atmosphere of
the probing path, and owing to the roil ortance of collecting atmo-
spheric samples near the planet's surface. This lock-in time re-
quirement exceeds the present state-of-the-art by approximately a
factor of 5.
2. The removal of geometri_cAl doppler from tbn total dop-
pler observed at emersion require: the preparation of a high-
accuracy computer program for r ►
 : ;, mechanics calculations, of
the type that MIT Lincoln Lary
	-ing for the radar tracking
of the planet Mercury in '.he 	 ny 4th test of the general
relativity theory.
3. For cases (like the Earth) in which a magnetic field
affects the radio waves propagation appreciably, a study is re-
quired of the phase perturbations imposed on the link by polari-
zation behavior and its relationship to induced phase perturbations
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as well as the issue of the motion of the link's terminals around
their c.g.'s.
4. Phase scintillation in a medium that, like the Earth's
ionosphere, exhibits this type of phenomenon must be investigate -1
and the statistics of the :.nduc,?d please inst,ibilities evaluated.
5	 The recent experience (still unpublished) of AFCRL
(OSO III) and Harvard College Observatory (OSO IV) in transm-.ssion
absorption spectroscopy measurements of the density of the upper
layers of the Earth's atmosphere provides, from one side, a strong
encouragement in developing further the method that Raytheon sug-
gested to NASA for planetary research some time ago. Now, it can
no longer be stated that the method is not acceptable because it
was never tested in space. From another side, however-, this ex-
perience has made clear that additional studies are needed, espe-
cially in the area of broadening the dynamic range of the probing
in order to cover, with the selection of a sui.tabl (• set of lines,
the tremendous range of absorptions going from the (-)titer boundary
of the atmosphere down to surface levels.
6. The ability to correlate Sun occultation and mother/
daughter occultation measurements belonging to the same resolution
cell must be investigated with consideration given to the time
dynamics of the refractive and absorptive phenomena occuring in
the same cell.
Por the reasons told above, a follow-up study would be desir-
able before a full implementation of the L:ual-orbiter mission is
undertaken, either around the Earth or around a remote planet.
6-^
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A PPENDI X A
TRANSMITTANCE FROM I NHOMOGENEOUS PATHS
OBTAINED 'F ROM HOMOGENEOUS PATH DATA
In the following paragraphs, a technique first introduced by
Plass (Ref. 47 ) is re-iewed for which the transmittance over a
nonhomogeneous path (i.e., density, pressure, and temperature vary)
may be deduced by comparing fundamental physical quantities over
this path with the transmittance for a homogeneous path along which
the pressure and temperature is constant. This technique is par-
ticularly applicable for the cases of either "strong line absorp-
tion" or "weak line absorption." When the absorption is between
these extremes, methods of interpolation may be applied.
A.1 GENERAL FORMULATION
Vhen the path over which absorption occurs is inhomoger-
with density, pressure, and temperature, the absorption co._fic:.ent
over the spectral interval,
	 (resolution of spectrometer), may
be expressed as
N
kv (u)	 E	 S.
1 
Q 1. r v,	 r 1
, N) I	 (A-1)
i -- 1
where S i is the intensity of the i t}l Line t ^n the spectral interval,
, r , is the 1 ine shape f actor for the i
	
line, which is a
function of the frequency, V, and the half-width of the line,
Also, a is the mass of absorbing gas per unit area along the 	 1
entire inhomogeneous path and is defined as
P
u =
	 1 f a di	 (A-2)
0
A-1
where `^1 = mass clans i ty of the iihsorh i nq (las.	 Vic stimmat ion
( A -1) is taken over the N spectra l
 
1 i nes th,i t cnntr ibute to the
ahsorpt i nn in the frequency i ntrrv(i 1 , AC). The pressure broadened
1101 t -wi(It h, tr , art some t rmperi,t ure T, and pressure, , P, is givenby	 i
i	
-	
' o i	 (P/ Po ) (T 0/T) 
11 2 	 (A-3)
where a	 is the half-width at some standard temperature, T ,
and presssure, Po .	 (A generally accepted experimuntal value 0 for	 -1
the reference line half-width in the 15 1 1 CO band is	 - 0.064 cm
P = 1 atm, T = 2980K (Ref. 50) .	 2	 n0	 0
The absorptance, A, over a finite spectral interval, ^'!, is
given by
u
A =	 1
,v
	 l	 ,^ 
dv	 (A-4)
and the transmittance, T, is
T= I =I	 1 - A
0 (A-5)
Where I and I are the incident and attenuated power densities,
respectively. We shall initially confine our attention to two
special cases, namely, the "strong line approximation" and the
"weak line approximation". Later we shall connect these two
extremes by a method of interpolation.
A.2 STRONG LINE APPROXIMATION
The strong line approximation is valid when the absorption of
the incident radiation is virtually complete over frequency
intervals at le(-ist several half-widths wide around the centers
of the strongest lines in the band, and when these, lines are
A-2
0largely responsible for the absorption over the given frequency
interval (Ref. 57 ) . For this case, we slit-Ill assume that the
line shape factor is Lorentz broadened and (l iven by
Q (V, V (A-6)i	 of	 i	 2	 2ir[ (v -- voi )	 . f	 ri
In the region V close to V	 the radiation is completely
absorbed. Hence, we may negleco i rr, in the denominator of equa-
tion A-6 (Ref. 53 ). That is, we ar^ now i9terested in the
behavior of the wings when (^, -	 )	 ^r,	 When V is in the
vicinity of V,, the inte(lra l in the i ntegrand of (A-4) is insensi-
tive to changes in the denominator of T , (^ . V	 ^r )	 Bence,
equation A-6 becomes	 1	 01	 i.
Qi ( V ,
 
Voi, rri)	 i g 	 (V' V oi )	 (A-7)
where q. (`-', V ) is the corresponding factor in (A-0) and is only
a function Of0 he line center frequency, V
of , 
and the frequency
under consideration, •.
The form (A-7) is actually valid for any pressure broadened
line shape, g, C., ^' ) (Ref. 47 ). Substituting equation A-7
into equation lA-1 aRC the resulting relation into equation A-4,
we obtain
N	 u	 I
vA	 =	 1	 ] - exp [-	 E	 q i ( V, V oi ) 1 S . ('I')cx, du'	 d 1	 1	 J
V	 i = 1	 0
The expression for the absorptance over a homogeneous path is
A-3
(A-8)
r	 N
	
GvAH
 =	 J	 1 - exp L -	 chi (V, V 	 ) S i (T If) CX i h u I j	 d 	 (A-9)
t 	 L	 i = 1
where S , ('") , tr	 , and u are the inten!; i ties, half-widths, and
mass of l abslorbing gas pe}r unit area for the temperature, T h , and
pressure, ph' zalonq a homogeneous path.
By comparing equation A-8 with equation A-9, it is apparent
that the absorption over the homogeneous path and thtit over the
inhomogeneous path are equal when the corresponding exponents in
the integrand are equal. Th(-it is,
N	 N	 u
uf^
(v) q_ (v• v0i)S1 (TH)`lih	 =	 ^^i (v, voi) f S. c1, du'
i= 1	 i= 1 0	 '	 1
(A-10)
it may be shown that the spectral lines S (T) may be given by
the same function of temperature, so that
	
S 1 (T)	 s (T) Si (Tff )	 (A-11)
where s(T) is a function that can be calculated from the theory
of molecular spectra, and may be approximated by equation 4.4-24
when the temperature difference is small and the line intensities
are not ten dissimilar (Ref. 47 ) .
Substituting equations A-3 and A-11 into equation A-10, we
obtain
A-4
uU
11 ( P FD T1i
-1/2)	
.! 
s (T) P T- 
112 
du'
	
(A-12 )
u
N
where the common factor
	 gi()',oi)jrih cancels out on both
i -	 1
sides of equation A-10. It is interesting to note tht-it where the
equivalent mass of absorl)inq qas per unit area for the homogenous
path in equation A-10 was frequency dependent, the corresponding
u in (A-12) is not. Equation A-12 may be expressed in terms of
the equivalent absorptive path length (expressed in atmosphere-
cm) that gives the same absorption at a temperature T and
pressure Pfi as that over an inhomogeneous path. Substituting
the following in equation A-12,
du = M
P 
NM di	 (A-13)
u 
	 = M  
N11 L 	 ( A -14)
where
M	 = the product of the molecular weight and the proton
P	 rest mass
N(^) = the molecular density alonq the inhmmogeneous path
N	 = equivalent homogeneous molecular density
LH	 = equivalent homogeneous path length
dY	 = elemental inhomogeneous path length,
ke obtain
-1	 1./2	 ^?
u * -	 NH LH -	
PW	 TW	
S (T) N(,') P 
T-1/2 
di	 (A--15)
11	 n0	 0
n	 f
(atm-cm)
where n = Loschmidt' s number = 2.69 x 10 19 cm -3 .0
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A.3 WEAN, LINE APPROM MAT TON
The weak line approximation is va lid when the absorption of
each spectral line considered individually is small even near the
line centers. hence, the weak line approximation assumes the
exponent in the integrand of equation h-4 is sufficiently small
so that it may be replaced by thf- first two terms of the Taylor
expansion of the exponential term. Fierce, equation A-4 becomes
r	
,r^
A! v =	 J	 J	 k v (u' ) du'	 dv
o
(A-16)
Substituting equation A-1 into equation A-10 we obtain
U	 N
Al v =	 r	 r	 E
0
	 i = 1
1
S. 6 i	 v,	 ,i ( u ) i	 du'	 dv (A-17)
Takinq the summation out of the integrand and interchanging the
order of integration, we obtain
N	 u	
rAt.v	 -	 r	 S. (u')
	 J	 0. [v, U.. (u')	 dv	 du'
i = 1
	
u	 .
(A-18)
For a homogeneous path, equation A-18 becomes
N
AH` 
v	
uIf
	
I	 S idi	 ,J	 ^i [v, ai (uH) Jdv
	 (A-19)
i = 1
	 Z.v
C
A-6
If the absorptions are to be the same, we may equate A-18 and
A-19. Hence,
N
u
	
j 	 j V, a  (U 	 %iv
	
i = 1	 Lv
N	
r
1
J	 s i (u')	 r	 s i [V, a i (u') )dv	 du'	 (A-20)
	
i = 1	 0	 ,'Jv
Since the shape factor 1,[ v , « (u')j is normalized to unity (i.e.rte, 31 i ( v, cr i (u') J d') = 1) , l if the interval of integration, /v, isJ o
large Enough so that most of the absorption due to the individual
lines occur within this interval, then the integrals of equation
A-20 will approximate unity, resulting in
N	 N	 ^a
' a H
	SiH =	
J	
S i W) du 	 (A-21)
	
i= 1
	 i= 1 0
If the approximation equation A-11 is valid, equation A-21 becomes
U
u 	 =	 J	 s (T) du'
	
(A-22)
U
Using the same procedure as in the strong line case, we may
obtain the equivalent absorptive path length given by
A-7
NfS.1 (r) (1,
1 = 1 O
N
SiFi
^ = 1
* __	 1
u 	 n0
(atm-cm)	 (A-2 3)
or
u f;	 =	 n^	 N(•,) s(T) (1,	 (atm- cm)	 (A-24)
0 0
11.4 INTERPOLATION BETWEEN STRCNG AND WEAK LINES
The equivalent homogeneous concentration giving the same
absorption as that over an inhomogeneous, path has been deduced
in the preceding sections and is repeated below for both the
strong line and week line approximations.
PFi TFi-1/2 uH 	 n1	 J s (T) N (i) P T-1/2 d/0 0
(A-25)
(strong line approximation)
or
*	 1	 r
u	 J
H	 n0
o
N(i) s(t) d; (A-26)
N	 N u
uH	
Z	 S iH	 n	
fN(2)  S i (x) dJ,
i = 1	 0	 i= 1 0
(A-27)
(weak line approximation)
A-P
Assume Lhat the strong line approximation is val
	
A know-
ledge of the integrand of equation A-25 determines i. Specific
value for the correspor.ling integral. The strong line assumption
dictates that one and oily one value of absor,tance is possible
in any set of tables for which th product of P ff , TH-1/2 and u*
is equal to t hat constant value! on the rigi;t-hand side of (A-2 y ) .
Hence, a certain amount of ar:)itrariness exists in selecting tl,ese
product factors. That is, if we arbitrarily !7elect u If' the product
PH T -1/2 is fixed. We desire to select the arbitrary value die--
tateg
 by equation A-26. Substituting this value back into equation
-25 then determines the product P H TH-1/2
'
and a set of tables
will uniquely specify the absorptance. Hence, we have used the
weak line formulation of equation A-26 to give the correct result
for the strong line case.
Assume now *Ciat the weak line t-,.),)roximation is the truly valid
case. Hence u may be d-termined by evaluating the right-hand
side of equation	 A set of tables will give only one value
of absorptance for the specific value of u * independent of P or
IfTH . S*nee the answer is inde pendent of H and T ai , we may sugsti-tute 11H into the left-hand side of equation A-•24, evaluate the
right hand integral and detPr.minP the product PH TH-1/2. We may
then examine a set of tables corresponding to the determined
values u x and P TH-1/2 and determine the corres pondina absnrp-
tance. Vince tg is absorptance value is independent of P H and :H,
it is indeed the correct result. It may be noted that +-oe ab-
sorptance for the weak line case satisfies the strong line formu-
lation of equation A-25. Hence, use of the above pr.ocndure gives
the correct absorption value and satisfies equally well :oth the
strong and weak line limits.
In the immediate region where '^>oth the w-ak and strong line
approximations may )e somewhat in error, the result derived in
this manner prcv.ides a smooth interpolation between the absorp-
tance -urves that are valid in the weak and stronq line limits.
Plass !Ref. 57 ) has used a similar technique to deduce the
absorptance over slant paths in the Earth's atmosphere.
Plass (Ref. 57,60) has also used a similar technique to the onP
described above to deduce the transmittances over slant paths in
the Earth's stratosphere. The equat;ons he satisfied simulta-
neously were,
A-9
I
U  - nl	 I^ N (O di	 (A-28)
o	 J0
1PH =	 *	 J	 N (fl I) di	 ( A -29)
u11 no 	 0
	
N	
N^
	
S iH	 *1	 L	 f S i ( i ) N(i) di	 (A-30)
i = 1	 ufi no 	 i= 1 o
The use of these equations represents a perturbation technique
in which it is assumed that s(t) is unity in equations A-25 and
A-26, resulting in equations A-28 and A-29. The temperature
variation along the path is taken into acount by equation A-27.
The equivalent temperature, T i , wivlch must be used over the homo-
geneous path, s ::hosen such hat v:he equality of equation A-30
is valid. Hence equations A-28. A-29, and A-30 determine values
	
of u 	 T  from which the tabulated absorption may be deduced.
A-10
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APPENDIX B
THE USE OF A SUBSATELLITE AS THE DAUGHTER TERMINAL
OF THE ORBITING PAIR
B-1 INTRODUCTION
Certain advantages may accrue in the experiment configuration
oven a Voyager-to-Voyager (or equivalent orbiter-to-orbiter)
experiment when a subsatellite daughter is added to each space-
craft. The following descri ption defines these potential
advantages and briefly describes the parameters of such a sub-
satellite, which might be accommodated in the Voyager mission
to Mars.
B-2 OBJECTIVE AND JUSTIFICATION
The advantages of using an auxiliary subsatellite are the
provision of greater probability of EAssion success due to
increased redundancy at a moderate overall increase in weight;
greater dynamic orbital flexibility, resulting in an increased
experimental data collection rate; physical independence between
Voyager and subsatellite, avoiding the problem of mutually
conflicting pointing requirements between different classes of
experiments. Lastly, a decision to orbit only a single Voyager
would still permit the execution of the refractivity experiment.
B-2.1 ENHANCED MISSION PROBABILITY
If identical Voyagers are u
failure of one parent vehicle o
experiment to survive. There a
of operation in contrast to the
equipped with integral daughter
latter case, failure in any one
the mission.
ed, each with a subsatellite,
one subsatellite permits the
e four possible redundant modes
case where only two Voyagers
equipment are used. In this
part of the system destroys
The penalty paid in using subsatellites is the added weight
required for subsatellite structure, internal power supply, and
attitude stabilization equipment - on the order of 23 kg, per
Voyager.
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B-2.2 DYNAMIC FLEXIBILITY
Use of a subsatellite offers the possibility of increased
flexibility in the design of orbits, providing an additional
degree of freedom in enhancing the scan rate of the resolution
cell. The subsatellite orbit may differ from the parent Voyager
and be chosen to increase the occultation occurrence rates
between terminals. The net result is an increase in the ability
to measure time-dependent properties of the Martian ionosphere/
atmosphere.
B-2.3 SENSOR POINTING CONFLICTS
A number of related but independent experiments is planned
for the Voyager. It is likely that these will impose conflicting
pointing requirements. For example, Earth communications imply
a directional Earth-oriented antenna; surface phenomena, will
require Mars-oriented sensors such as cameras. Other experiments,
such as refractivity, require vehicle-to-vehicle communications.
The physical separation of the daughter terminal of the
refractivity experiment permits a degree of independence of
pointing requirements and thus alleviates the conflict.
B-2.4 SINGLE VOYAGER CASE
Should it be decided to orbit a single Voyager system per
launch, the refractivity experiment survives when a subsatellite
is used. In the case of the integrated Voyager, the experiment
is nullified.
B-3 SUBSATELLITE REQUIREMLNTS
A subsatellite replacing the second Voyager in the experiment
must provide one-way communication to Earth for stereo-doppler
tracking purposes. It must also cormziunicate with the mother
Voyager receiving a 2000 MHz signal and returning phase-locked
500 MHz and 2160 Mliz signals.  The 2160 Miiz signal  is directed
toward the Earth (Figure B-1) . These communication links, and
the need for solar illumination of the power cells, impose
attitude requirements on the subsatellite. Three approaches to
this problem have been studies:
L
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1. An unstabilized subsatellite
2. A spin-stabilized satellite that covers both
Earth and Voyager with a common antenna
3. A spin-stabilized satellite with separate
antennas for Voyager and Earth communication
link.
The major system characteristics of these candidate con-
figurations are summarized in Table B-1.
The first system considered, the unstabilized satellite, was
eliminated since fully omnidirectional antennas would require high
radiated power and associated directional antennas would require
complex sensing, processing and adaptive pointing mechanisms for
which a high weight penalty would have to be paid.
In the second case, simultaneous use of a common antenna
to communicate with both Earth and Voyager requires excessive
RP power to contact Earth.
The third option appears the most satisfactory and has been
chosen as the design baseline. In this case, the vehicle would
be spin-stabilized with its spin axis normal to the plane of
the ecli p tic. This provides a constant look angle to Earth
relative to the subsatellite and hence permits the use of a
directive antenna for communication to Earth.
The fact that the Martian equator is inclined about 25 0 to
the plane of the ecliptic, that the coplanar experiment is an
inclined orbit, and that the orbital precession rates of Voyager
and subsatellite differ, cuases a constantly changing geometrical
relationship between vehicles. This means that the look angles
between vehicles relative to the subsatellite spin axis vary over
almost the entire possible range of 180 0 in elevation.
B-4
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TABLE B-1
POSSIBLE SIMSATELLITE SYS'T'EM CONE']
BLAM ANGLF: BEAM ANGI,
FOR PANCAKF: FOR PAN'
ABOUT AXIS ABOUT AXI
METHOD OF POINTING SOLAR CELLS N FOR TO
STABILIZATION DIRECTION CELLS F:ARTH VOYAGE P
Tumbling None Sphere 4 10"	 10"
Phased Arrays
Po inted Toward	 Receiver!.
Based Either on Retro-
Directivity or Computed
From Sensed Lines
Spin Normal Cylinaier ! 10° t	 700
Ecliptic
Normal Sphere 4 70 10
Sub-Sat Orbit
Normal Sphere _
	
4 --1(_ ) a In
Earth Voyager
•
Sun Pl •ins• 1
U
50 I	 ^^^
(200 Days)
Mars Sphere 4 ISO ► Bu
,,:,A.	 . aE /
LL. B- 1
SYSTLM CONFIGURATIONS
BEAM ANGLE TORQUF: IN(; STABILIZATION STABILIZATION
FOR PANCAKE REQUIRED REFERENCE RF:FF:R!•:NCE
ABORT AXIS Ml 02
TO
VoYA(ot:R R1-:MARKS
IOo None Sven - Mars Voyager
Vehicle.Sys
„ward Recei iers Angle	 to Earth will
then on Retro- In All	 Liklihood
,ry or Computed Require Computation
;vd Lines
Best	 Possibility
Second Reference Is
±	 70 o None Sun	 Earth or Only Problem
o
Canopus
1(1 t).41
	
/hay Second Choice - All	 Problen+^
Mars Over a Long
_ Pf-r iod of	 Time
Have An Immediate Solution
to VariabIv Attitude Reference and
Asolfigh As
2 /hay From Secondary
Reference - Sun Mars
Torqueinq Problems Appear
To Be Serious
IHO"
Ncv/Year
Sun Not
--
Retrodirectrve Antenna To
Parent Voyager Might Solve
1d0" Required Voyager Link Antenna Problem2 Revs/Day
Mars Not Has No Merit
Required
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These look angles require near-isotropic antennas for inter-
vehicle communications but, as noted earlier, stabilization in
the plane of the ecliptic permits the use of a directive antenna
to Earth with some degree of gain.
B-4 SUBSATELLITE ATTITUDE CONTROL
Although we have referred to the subsatellite as being
stabilized with its spin axis normal to the ecliptic, it would
actually use Mars and the Sun in establishing its orientation
relative to the ecliptic. Since Mars' orbit is inclined only
1.850
 out of the ecliptic, for antenna orientation purposes, this
can be considered to be the ecliptic plane.
The subsatellite will be spring-ejected from Voyager, after
precise orientation of the latter, at a relative velocity of
10 meters/second. After ejection, spin-up will be achieved
by cold gas jets mounted off-axis and tangential to the circum-
ference of the subsatellite. Spin-up after injection minimizes
the reaction on Voyager.
After spin-up, data from a subsatellite Sun sensor and Mars
horizon scanner will be relayed to Earth via Voyager. In this
manner, attitude errors due to Voyager misalignment, spring-
ejection assymetry can be assessed and corrective impulses
computed and commanded. Thereafter, periodic attitude checks
will be made and corrective action commanded, if required.
B-5 SUBSATELLITE ANTENNAS
The system requirements dictate a very broad coverage. An
omnidirectional azimuth with 140 0 elevation coverage is tuquired.
A simple antenna configuration which meets these needs is the
biconical horn. Brown and Woodward (Ref. 79 ) measured the
gain and the pattern characteristics of this antenna.
Figure B-2 shows the relative gain of the biconical antenna
versus height of the antenna with the flare angle Q' as a parameter.
For optimum results, both the gain and patterns must he taken
into account. The best results can be achieved by making the
length 255 electrical degrees with a flare angle of 50 to 60
degrees. At 500 MHz the antenna need not be of solid construction
but can be made of thin rods to save weight.
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To calculate the performance of these antennas, for examp?.e,
we can choose a = 500 0 E 3 = 25''; then G = 0.75 (with respect to
the dipole). The gain with respect to the isotropic source is
.75 x 1.64 = 1.23 = 1.75 c1b. From Figure B-3 we see that the
pattern is constant over a 120 0
 vertical angle to within a db,
and drops to -3 db relative to the dipole(-1.25 db relative to
isotropic_) for a 140 0
 cone angle. For other values of 0, the
patterns are similar but exhibit greater fluctuations.
A second radiator, omnidirectional in azimuth but with
higher d i rectivity in elevation will be ei..ployed for the sub-
satellite-to-Earth link, yielding a gain of 9 db. This will
consist of the same helical antenna described in Section 4.3.5.3.
Both antennas will be mounted on the subsatellite spin axis.
B-6 POWER REQUIREMENTS AND PRIMARY SOURCE
The subsatellite would be a foreshortened cylinder that would
rotate about its major inertial axis. This means its spin axis
orientation is fixed in inertial space. Spin rate will be 50
revolutions per minute to provide high stability.
As the experimental mission duration is designed to be three
months or more, the conventional solar cell/storage battery type
of electrical power supply would be used. Solar paddles are
discarded since the vehicle will not be sun oriented, and since
they would interfere with the radiation patterns of the
quasiisotropic antennas. The solar cells are installed symme-
trically around the curved peripheral surface. Taking into
account a required average power drain of 60 watts, cell efficiency
deterioration with time, the partial solar illumination due both 
to attitude and occultation, the solar cell area required is 5 m
This area can be accomc fated on a cylindrical vehicle 1.2m
in diameter and about lm in height.
B-8 PRELIMINARY DESIGN
The major parameters required are summarized in Table B-2.
This sbnws that the o ,
 c ral l weight is 43 . 55kg, prime power re-
qu:ir( d is 58 	 and th,: ,.. t'. ,
 : component volume is 0.078m3.
The actual vehicle overall volume, however, will be 1.65m3 as
dictated by the required surface area for solar cell accommodation
and the shape dictated by the use of spin st&)i.lization.
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Fiqure B-3 Measured Fiela Patterns for Biconical Dipoles for
Various Lengths and Flare Angles
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B-9 INTERFACE REQU 12MENTS
All normal spacecraft interface requirements apply between
subsatellite and Voyager. The principal factors are preserted
in Table B-3.
Unusually strigent requirements peculiar to Voyager are
contained in Table B-4.
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TABLE. B-2
SUBSATELLITE
ff
Item Power
Watts
Weight
kg
Phase-Locked Loop 4 2.7
500 MHz Transmitter 5 0.68
2160 MHz Transmitter 21 1.12
Receiver 1 0.9
Solar Cells, Batteries 10 13
Attitude Sensor and Control 2 3.6
Structure and Thermal 10 11.2
Spin-up and Attitude Control Propulsion - 3..6
Antennas - 2.25
Communication and Command 5 4.5
TOTAL POWER	 58 watts
TOTAL WEIGHT
	
43.55kg
TOTAL VOLUME (Components)	 0.078m3
TOTAL VOLUME (Vehicle) 	 1.65m3
SHAPE - Cylindrical	 Diameter	 1.2m
Height
	
lm
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TABLE B-3
STANDARD  INTERFACE FACTORS
Item Subitem Qualifications
Mechanical M	 Balance,	 Volume,
orm Factor,	 Mounting,
Separation Mechanism
Thermal Flow,	 Configuration,	 Sinks Power required
Sources in flight
Electrical Energy,	 Voltage,	 Current,
Frequency,	 Transients,	 Duty
Cycle,	 Operating Cycles
EMI
Safety
Data Handling Format,	 Rates,	 Channels Governed by DSNi
Storage,	 Coding
Sensor Pointing Orientations,	 Rates,
Apertures,	 Obscuration
Stabilization RF Power,	 SNR,	 Data Rates Governed by DSN
Modes & Formats, Command
communications Repertoir
• Attitude Propulsion,	 Outgassing At Separation
Contamination
I
T', BLE B-4
SPECIAL INTERFACE FACTORS
Item	 Comment
Sterilization	 Bacteriological Cleanliness
Quarantine	 Governs Orbi tal Lifetime
tiV
